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MESSAGE  FROM  THE  CEO,  DIRECTOR 


The  symposium  is  approaching  the  5C?h  Anniversary ,  which  will  take  place  next  year  in 
Orlando ,  Florida.  This  will  represent  quite  a  milestone .  A  GALA  Celebration  is  being  planned 
with  many  festive  activities  scheduled  within  Disney  World.  Family  members  are  being 
encouraged  to  attend  the  symposium  and  participate  in  the  special  activities. 

Last  year's  symposium  in  Atlantic  City  did  not  create  the  increase  in  attendance  as  I  had 
anticipated.  I  thought  a  return  to  Atlantic  City  would  stimulate  the  interest  and  nostalgia  for 
revisiting  the  location  that  was,  for  many  years,  the  home  of  the  symposium.  In  spite  of  the 
attendance  remaining  approximately  the  same  as  previous  years,  the  symposium  by  many  was 
considered  an  exciting  and  rewarding  experience.  The  program  this  year,  in  addition  to  its 
regular  features  will  include  for  the  first  time,  presentations  on  new  products.  During  their 
presentation  the  presenters  will  stress  the  commercial  aspects  of  their  product.  It  should  also  be 
noted,  that  this  year's  Plenary  Session  is  returning  to  its  original  format  of  multiple  speakers. 
Four  outstanding  and  prominent  speakers  from  different  areas  of  the  wire  and  cable  industry  will 
provide  a  brief  insight  into  their  vision  of  the  communication  of  tomorrow. 

One  major  change  has  taken  place  in  the  organizational  makeup  of  the  symposium.  The 
new  organization  will  consist  of  a  Board  of  Directors  and  a  Symposium  Committee.  Both  groups 
will  work  closely  together  to  improve  the  efficiency  of  operation ,  establish  long  term  strategies, 
direction  and  goals  for  the  symposium. 

Inge  Kovacs,  Consultant  for  Poly  check  Ltd.,  is  retiring  after  more  than  six  years  on  the 
committee.  Inge  has  been  a  great  worker  and  strong  supporter  of  the  symposium.  I  extend  to  her 
the  committee 's  sincere  thanks  and  appreciation. 

The  Board  of  Directors  and  the  Symposium  Committee  extend  to  all  contributors  and 
attendees  their  thanks  and  appreciation  for  the  support  they  provide  the  symposium  each  year. 


Elmer  F,  Godwin 

CEO,  Director 
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Abstract 

The  massive  deployment  of  fiber  optic  cables  throughout  the 
telecommunications  network  requires  that  new  cable  designs  be 
fully  optimized.  New  installation  conditions  such  as  crowded  ducts 
and  high-speed  installation  demand  cables  with  both  high  optical 
density  and  improved  installation  characteristics. 

To  satisfy  these  demands,  a  new  high-density  cable  core  design  has 
been  developed.  Central  core  cables  utilizing  the  new  design  can  be 
manufactured  with  fiber  densities  equaling  or  exceeding  current 
central  core  ribbon  cable  designs.  In  addition,  the  core  is  suitable  for 
use  in  both  dielectric  and  metallic  sheath  configurations.  The  design 
brings  significant  advancements  in  fiber  access  and  handling.  As 
such,  it  is  appropriate  for  use  in  a  wide  range  of  end-user 
applications. 

Craft  friendly  features  included  in  the  new  cable  core  design 
include: 

•  Fiber  density  equivalent  to  high-density  central  core  ribbon  and 
fiber  bundle  cables. 

•  Improved  fiber  handling  and  mid-span  entry  access. 

•  Improved  fiber  routing  within  splice  enclosures. 

•  Reduced  usage  of  gel  filling  compounds. 

This  paper  discusses  the  materials  of  construction  and  unique 
features  of  the  new  cable  core  design.  Calculations  comparing  the 
fiber  packing  density  of  this  core  design  to  current  core  designs  are 
presented.  Improvements  in  fiber  access  techniques  provided  by  this 
design  are  illustrated.  Finally,  laboratory  performance  characteristics 
of  cables  manufactured  using  this  core  design  are  reviewed. 

Keywords 

Fiber  Optic  Cable  Core;  Cable;  Optical  Fiber;  Fiber  Optic 
Cable;  Optical  Cable;  Ribbon;  Easy  Entry;  Unit  Tube; 

1.  Introduction 

The  current  demand  for  bandwidth  has  triggered  upgrades  to  and 
extensions  of  worldwide  optical  fiber  backbone  networks.  It 
follows  that  the  next  phase  of  optical  fiber  deployment  will  be  to 
extend  and  replace  the  networks  in  the  customer  access  network. 
This  application  requires  a  small,  rugged  cable  design  of  medium 
fiber  count  that  can  be  deployed  quickly  and  cheaply. 

Current  common  outside  plant  cable  designs  can  be  divided  into 
three  main  design  groups.  Each  of  these  designs  has  features 
valued  by  customers,  as  shown  in  Table  1 . 


Table  1.  Traditional  Cable  Designs 


Design  Family 

Available  Fiber 
Grouping 

Features 

Loose  Tube 

•  Fiber  Tubes 

•  Ribbon  tubes 
(High  Fiber 
Counts) 

Fibers  and  ribbons 
grouped  into  color- 
coded  units  for 
identification 

Slotted  Core 

•  Ribbons 

Fibers  grouped  by 
optical  circuit  for 
efficient  mass  fusion 
splicing  and  breakout. 

Central  Tube 

•  Fiber  Bundles 

•  Ribbons 

No  central  strength 
member,  compact,  mass 
fusion  splicing  with 
ribbons. 

In  recent  years,  a  modification  of  the  optical  fiber  bundle  central 
core  design  has  been  introduced.  This  modification  replaces  the 
binding  threads  used  to  group  fibers  in  the  central  core  fiber 
bundle  units  with  low  modulus  plastic  tubes[l][2].  These  designs, 
manufactured  under  various  trade  names,  combine  the 
compactness  and  efficiency  of  older  central  tube  designs  with  the 
easy  fiber  identification  of  the  loose  tube  design.  These  cables  can 
be  described  generically  as  the  Tube-In-Tube  (TinT)  cable  core 
design,  characterized  by  flexible  unit  tubes  within  a  central  tube 
cable. 

Despite  their  advantages,  recently  introduced  TinT  cable  designs 
have  shortcomings  that  could  slow  their  adoption  in  the  North 
American  market.  The  tensile  strength  of  these  cables  is  generally 
less  than  the  Bellcore  GR-20-CORE,  Issue  2,  1998  [3]  standard  of 
2670N  and  the  cables  are  not  armored  to  resist  rodent  attack. 
These  designs  also  fail  to  take  advantage  of  the  installation 
advantages  that  can  be  gained  through  mass  fusion  splicing  of 
fiber  ribbons. 

This  paper  outlines  the  development  of  a  TinT  design,  marketed 
under  the  trade  name  XPressTube ™,  which  extends  the 
performance  of  previous  TinT  cables. 

A  new  unit  tube  was  designed  which  can  be  used  to  group  loose 
fibers,  as  in  traditional  loose  tube  and  fiber  bundle  cables. 
However,  the  tube  design  also  can  be  used  to  group  multiple  4- 
fiber  ribbons.  The  tube  design  was  optimized  for  easy  fiber  access 
at  both  cable  end  and  mid-span. 

Two  alternate  cable  cores  were  examined  in  this  work.  The  first 
was  a  soft  and  flexible  cable  core  that  utilizes  a  bedding 
compound;  the  second  was  a  core  using  established  materials.  The 
performance  of  each  core  was  tested  in  existing  central  core  cable 
sheaths. 
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2.  Unit  Tube  Design 

2.1  Fiber  Tubes 

Figure  1  shows  a  cross  section  of  a  fiber  tube.  Each  tube  contains 
12  fibers,  a  ripcord,  and  a  small  amount  of  water  blocking  cable 
gel  encased  in  a  thin-walled,  low-modulus  polyolefin  tube.  The 
low-modulus  material,  discussed  further  in  section  2.3,  provides  a 
flexible  tube  that  allows  for  easy  routing  within  closures  and 
distribution  frames.  The  ripcord  is  provided  to  facilitate  tool-free 
mid-span  tube  entry,  as  discussed  in  Section  6.3.  Each  tube  is 
color-coded  to  allow  easy  identification.  Figure  2  is  a  photograph 
of  a  unit  tube,  showing  the  easy  ripcord  identification. 

Ripcord 


Figure  1.  Cross  Section  of  a 
Twelve-Fiber  Unit  Tube  with  Ripcord 


a 


Figure  2.  Twelve  Fiber  Unit  with  Ripcord 
2.2  Ribbon  Tubes 

Fast  fiber  deployment  is  achieved  with  ribbon  cables  because  of 
the  efficiency  of  mass  fusion  splicing.  When  the  ribbon  stack 
height  equals  the  number  of  fibers  per  ribbon,  central  tube  ribbon 
cables  achieve  the  highest  packing  density  of  any  current  cable 
design[4].  The  packing  density  of  traditional  ribbon  cables  can  be 
approached  by  unitizing  the  ribbons  into  round  tubes,  and 
packaging  the  unit  tubes  within  a  central  core  cable. 

The  1.7  mm  OD  tube  presented  in  section  2.1  is  sized  to  package 
three  4-fiber  ribbons  into  a  unit  of  twelve  fibers,  as  shown  in 
Figure  3. 


Figure  3.  Twelve  Fiber  Unit  Tube 
with  Four  Fiber  Ribbons 

This  package  maintains  the  size  and  flexibility  of  the  twelve-fiber 
unit,  but  further  groups  the  fibers  for  fast  circuit  breakout  and 
mass  fusion  splicing. 


2.3  Tube  Materials 

The  materials  used  in  loose-tube  cable  constructions  tend  to  be 
rigid  thermoplastics,  such  as  poly(butylene  terephtalate)  (PBT)  or 
nucleated  impact-modified  polypropylene  (PP)[3].  These 
materials  have  excellent  long-term  aging  stability,  and  swell 
minimally  when  in  contact  with  filling  compounds.  However, 
traditional  loose  tube  materials  also  present  some  difficulties 
during  cable  installation.  Access  to  fibers  generally  must  be 
provided  using  tools,  and  the  rigid  tubes  are  often  difficult  or 
impossible  to  route  in  closures.  The  ideal  material  for  these  tubes 
must  have  low  stiffness  and  allow  tool-free  tube  entry,  while 
maintaining  the  excellent  aging  performance  of  conventional 
loose  tube  materials. 

The  low-modulus  polyolefin  (PO)  material  selected  for  this 
application  meets  all  of  these  requirements,  as  confirmed  by 
mechanical  property  measurements  and  aging  tests.  Mechanical 
tests  were  performed  using  a  TA  Instruments  Model  2980 
Dynamic  Mechanical  Analyzer.  All  tests  were  performed  over  a 
temperature  range  of  -40°C  to  70°C,  corresponding  to  the 
standard  service  temperature  requirements  for  outside  plant 
cables.  In  Figure  4,  we  compare  the  flexural  modulus  of  the  PO 
material  to  those  of  two  typical  materials  used  for  loose  tube 
applications,  a  commercial  PBT  and  a  commercial  nucleated  PP. 
The  PO  material  is  much  less  stiff  than  either  the  PP  or  the  PBT 
over  the  entire  temperature  range.  As  discussed  in  more  detail 
below,  use  of  this  low  modulus  tube  material  satisfies  the 
requirements  of  tool-free  entry  and  enhanced  tube  flexibility. 

106 
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Figure  4.  Flexural  Modulus  vs.  Temperature 
Behavior  of  Tube  Materials 

Although  this  material  is  much  softer  than  conventional  buffer 
tube  materials,  its  aging  performance  is  similar  to  that  of 
conventional  loose-tube  nucleated  PP.  In  order  to  measure 
swelling  behavior,  samples  of  the  PO  tube  material  and  the 
commercial  nucleated  PP  were  aged  for  29  days  at  85°C  in  a  bath 
of  poly(alphaolefin)-based  filling  compound.  As  shown  in  Table 
2,  the  swelling  behavior  of  the  PO  material  is  comparable  to  that 
of  the  nucleated  PP. 
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Table  2.  Aging  and  Oxidative  Stability 
Performance  of  Tube  Materials 


Property 

Low-Modulus 

PO 

Commercial 
Nucleated  PP 

Volumetric  Swell  After  Aging* 

2.2% 

3.1% 

OIT  at  200°C  (as-received) 

>  100  min 

>  100  min 

OIT  at  200°C  (after  aging*) 

>  100  min 

56  min 

J  Samples  were  aged  for  29  days  at  85°C  in  a  bath  of 
poly(alphaolefm)-based  filling  compound. 


Oxidative  stability  of  the  materials  was  measured  using  the 
Oxidative  Induction  Time  (OIT)  method,  following  the  ASTM  D 
3895  standard.  Measurements  were  made  using  a  DuPont 
Instruments  Model  912  DSC,  using  aluminum  sample  pans  and  a 
measurement  temperature  of  200°C.  OIT  measurements  were 
made  for  as-received  samples  of  the  PO  material  and  a 
commercial  nucleated  PP,  as  well  as  samples  of  both  materials 
aged  for  29  days  at  85 °C  in  poly(alphaolefin)-based  filling 
compound.  The  stability  of  the  PO  material  is  superior  to  that  of 
the  commercial  nucleated  PP,  as  shown  by  the  data  in  Table  2. 
The  OIT  of  the  PO  material  is  greater  than  100  minutes  before 
and  after  aging.  Based  on  our  reliability  tests,  a  service  lifetime 
well  in  excess  of  30  years  is  expected  for  these  tubes  in  typical 
outside  plant  service  conditions. 

3.  Cable  Core  Design 

3.1  Soft  Cable  Core 

In  the  soft  cable  core  design,  Figure  5,  the  unit  tubes  are 
embedded  in  a  layer  of  low  modulus  bedding  compound.  This 
core  is  designed  to  provide  the  maximum  fiber  packing  density 
with  the  1.7  mm  unit  tubes.  The  bedding  compound  does  not 
adhere  to  the  polyolefin  unit  tubes.  Since  it  contains  no  oil,  it 
leaves  no  residue  after  removal.  The  bedding  compound  can 
easily  be  tom  or  peeled  away  from  the  unit  tubes  without  tools. 
The  same  thin  ripcord  used  within  the  unit  tubes  is  used  to  speed 
entry  into  the  cable  core  itself.  Superabsorbent  materials  within 
the  core  provide  water  blocking  in  the  interstices  between  unit 
tubes.  The  soft  cable  core  is  surprisingly  flexible  with  little 
resistance  to  bending. 


-  6.0  mm  - ^ 

Figure  5.  Unit  Tubes  in  Soft  Cable  Cable  Core 
(84  Fiber) 
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The  same  thin  ripcord  used  within  the  unit  tubes  is  used  to  speed 
entry  into  the  cable  core  itself.  Super-absorbent  powder  within  the 
core  provides  water  blocking  between  the  unit  tubes. 

3.1.1  Function  of  the  Bedding  Compound.  The  bedding 
compound  has  the  following  functions: 

•  Groups  the  unit  tubes  into  a  compact  core  that  is  highly 
flexible. 

•  Equalizes  stress  among  the  unit  tubes 

•  Provides  a  heat  barrier  between  the  unit  tubes  and 

subsequent  extmsion  operations. 

•  Captures  desired  SZ-twist  in  the  unit  tubes. 

•  Can  be  peeled  or  removed  from  the  unit  tubes  with  no  special 
tools. 

3.1 .2  Materials  Properties.  A  variety  of  thermoplastic  materials 
are  available  for  use  as  bedding  compounds.  A  suitable  bedding 
compound  must  have  the  following  materials  properties: 

•  Lower  modulus  than  the  unit  tube  jackets,  to  provide 
flexibility  and  optimum  environmental  performance. 

•  Sufficient  modulus  to  provide  integrity  to  the  cable  core. 

•  Removable  from  the  unit  tubes  without  tools.  (Peel  or  tear 

off  with  fingers.) 

•  Low  processing  temperature,  to  prevent  remelt  of  the  unit 
tubes  during  application. 

•  No  adhesion  to  unit  tubes. 

•  Leaves  no  residue  after  removal. 

3.2  Dry  Central  Core  T ube 

The  dry  central  core  design,  Figure  6,  uses  a  conventional 
polypropylene  core  tube.  No  filling  compound  is  used  between 
the  unit  tubes  to  facilitate  fiber  access  and  reduce  cleaning  time.  A 
superabsorbent  water  blocking  tape  prevents  water  penetration 
within  the  core,  and  serves  as  a  heat  barrier  between  the  unit  tubes 
and  the  core  tube  during  manufacture. 

The  core  tube  is  sized  to  provide  sufficient  strain  relief  for  both 
fiber  and  ribbon  tubes.  Excess  fiber  length  control  is  provided  by 
the  same  mechanisms  used  in  standard  central  core  ribbon  cable. 
Fiber  density  is  comparable  to  the  fiber  bundle  cable  design. 
Cable  entry  is  discussed  in  Section  6.2.2. 


SA  Tape 


PP  Tube 


<4 -  8.0  mm  - ► 

Figure  6.  96  Fibers  in  Dry  Central  Core  Tube 
(4  Fiber  Ribbons) 
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3.3  Fiber  Density 

Table  3  compares  the  fiber  density  of  cables  with  2700N  tensile 
strength.  Cables  utilizing  the  new  central  core  construction  are  the 
same  diameter  in  both  dielectric  and  light-armored  versions.  The 
central  core  sheaths  used  as  the  basis  of  this  comparison  use  linear 
strength  members  for  fast  cable  entry. 


Table  3.  Fiber  Density  Comparison 


Cable  Core 

Fiber 

Count 

Cable 

Diameter 

(mm) 

Fiber 

Density 

(f/mm2) 

Loose  Tube 

12  Fiber  Units,  Light  Armor 

96 

16.3 

0.46 

Filled  Central  Core 

12  Fiber  Ribbons 

144 

15.5 

0.76 

Filled  Central  Core 

12  Fiber  Bundles 

96 

15.5 

0.51 

Soft  Cable  Core 

12  Fiber  Unit  Tubes 

144 

15.5 

0.76 

Dry  Central  Tube 

12  Fiber  Unit  Tubes 

96 

15.5 

0.51 

Dry  Central  Tube 

3-4  Fiber  Ribbon  Unit  Tubes 

96 

15.5 

0.51 

4.  Cable  Design 

4.1  Performance  Requirements 

Basic  performance  parameters  for  the  North  American  market  per 
Bellcore  GR-20-CORE  are  as  follows: 

Tensile  Strength:  2670  N  (600  lb.) 

Temperature  Range: 

Operation:  -40°C  to  70°C  (-40°F  to  158°F) 


M -  15.5  mm  - ► 


Figure  7.  96  Fiber  Armored  Cable  with  Dry  Central 
Core  Tube 

4.2.2  Dielectric  Sheath.  The  dielectric  sheath  incorporates  two 
linear  dielectric  strength  members  in  a  HDPE  outer  jacket.  The 
jacket  material  is  the  same  as  the  metallic  cable.  The  cable  is  a 
general-purpose  sheath  with  a  tensile  rating  of  2700N[6]. 

5.  Test  Results 

5.1  Environmental  Results 

Three  test  cables  were  manufactured  using  dispersion  unshifted 
single  mode  fibers.  The  cables  were  tested  according  to  the 
Temperature  Cycling  and  Cable  Aging  Tests  in  Bellcore  GR-20- 
CORE.  Additional  measurements  were  taken  at  -30°C. 
Attenuation  results  are  illustrated  in  Figure  8  and  Table  4. 


Installation:  -30°C  to  60°C  (-22°F  to  140°F) 
Storage/Shipping:  -40°C  to  75°C  (-40°F  to  167°F) 

Bending  Diameter: 

The  cable’s  short-term  minimum  bending  diameter  is  20  times  the 
cable  diameter  in  the  "No  Load"  condition  and  40  times  the  cable 
diameter  when  "Under  Load".  The  "No  Load"  condition  is  defined 
as  up  to  30%  of  the  maximum  load  rating  and  the  "Under  Load" 
condition  is  defined  as  any  load  over  30%  of  the  load  rating. 

4.2  Cable  Sheaths 

4.2.1  Metallic  Armor  Sheath.  A  schematic  of  the  metallic 
sheath  is  pictured  in  Figure  7.  This  is  a  general-purpose  cable  design 
suitable  for  underground  conduit,  direct  buried,  or  aerial 
applications.  Hundreds  of  thousands  of  kilometers  of  this  basic 
design  have  been  manufactured  since  the  late  1980’s,  and  it  has 
proven  its  value  in  both  backbone  and  access  networks. 

Small  modifications  were  made  to  this  sheath  to  speed  fiber 
access.  The  cable  is  jacketed  with  a  novel  high-density 
polyethylene  resin  that  combines  high  abrasion  resistance  and  a 
low  coefficient  of  friction  with  easy  sheath  entry.  The  adhesion 
between  the  armor  and  the  polyethylene  jacket  is  controlled  to 
speed  jacket  entry. 


0.500 
0.400 
E  0.300 
§  0.200 
0.100 
0.000 

-60  -40  -20  0  20  40  60  80 

Temperature,  °C 

—  Soft  Cable  Core,  Fiber  —  Dry  Central  Core,  Fiber 
-  -  Dry  Central  Core,  Ribbon 

Figure  8.  Environmental  Performance 
of  New  Cable  Cores 
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Table  4.  Mean  Low  Temperature  Added  Loss  at 
1550nm 


Core  Design 

Added  Loss  (dB/km) 

-30°C 

-40°C 

Soft  Cable  Core  -  fiber  tubes 

0.011  dB/km 

0.03  dB/km 

Dry  Tube  -  fiber  tubes 

0.005  dB/km 

0.03  dB/km 

Dry  Tube  -  ribbon  tubes 

!  -0.001  dB/km 

0.02  dB/km 

5.2  Mechanical  Testing 

The  metallic  dry  core  cable  was  tested  to  the  mechanical  test 
requirements  of  Bellcore  GR-20-CORE.  In  all  cases,  the  cable 
design  displays  no  significant  added  loss  under  test  conditions. 
Selected  test  results  are  listed  in  Table  5.  The  added  loss  is  the 
maximum  observed  change  in  loss  observed  in  any  of  the  96 
fibers.  Similar  results  were  observed  for  a  soft  cable  core  test 
sample  with  fiber  tubes. 


Tables.  Mechanical  Test  Results. 
96  Fiber  Dry  Core  in  Metallic  Sheath 


Cable  Test 

GR-20-CORE 

Max  Level  Tested 

Test 

Level 

Max  A 
Loss| 

Test 

Level 

Max  A 
Loss! 

Impact 
Resistance 
FOTP  25 

4.0  kg 

0.01  dB 

16.0  kg 

0.01  dB 

Tensile 
Loading  and 
Bending 

FOTP  33 

801N 
(180  lb) 

0.02  dB 

5338N 
(1200  lb) 

0.07  dB 

Compressive 

Loading 

FOTP  41 

1112N 
(250  lb.) 

0.01  dB 

4448N 
(1000  lb) 

0.01  dB 

Twist 

FOTP  85 

2m  180° 

0.01  dB 

0.5m 

360° 

0.02  dB 

!  Maximum  increase  in  loss  in  any  fiber  within  the  cable. 


6.  Cable  Entry 

6.1  Sheath  Entry 

As  discussed  in  section  4.2.1,  the  metallic  sheath  was  modified 
with  a  new  high-density  polyethylene  jacketing  material  and  the 
adhesion  between  the  jacket  and  the  armor  is  controlled  to 
improve  sheath  entry.  The  dielectric  sheath  is  equipped  with  two 
ripcords  that  make  jacket  entry  quick  and  easy. 

6.2  Core  Entry  and  T ube  Access 
6.2.1  Soft  Cable  Core 

The  soft  cable  may  be  easily  opened  after  the  outer  sheath  is 
removed.  Fingers  are  used  to  peel  approximately  50  mm  of 
bedding  compound  to  reveal  the  ripcord.  A  two-color  black/white 
ripcord  is  used  to  slit  the  dry  material.  The  unit  tubes  are  then 
easily  accessible. 


6.2.2  Dry  Central  Core 

Units  in  the  dry  cable  core  may  be  accessed  using  standard  central 
core  tube  entry  techniques.  The  elimination  of  the  filling 
compound  gel  in  the  core  tube  reduces  the  time  required  to  clean 
the  fibers. 

While  the  soft  cable  core  cable  may  be  entered  without  tools,  the 
dry  core  provides  advantages  in  cable  entry.  The  dry  central  core 
cable  is  fully  compatible  with  existing  central  core  entry 
techniques.  The  higher  modulus  of  the  PP  tube  requires  less  care 
when  extracting  the  core  from  the  ECCS  armor  since  the  PP  has  a 
harder  surface  and  is  less  prone  to  kinking.  In  addition,  since  the 
unit  tubes  are  free  to  slide  in  the  core,  the  sheath  can  be  removed 
by  ring  cutting  the  sheath  and  the  core  tube  and  pulling  the 
protective  layers  off  the  unit  tubes. 

6.3  Unit  Tube  Entry 

One  major  goal  of  this  design  was  to  allow  installers  to  access  the 
fibers  in  the  unit  tubes  quickly  and  easily  without  the  use  of 
special  tools.  Early  in  the  development  cycle,  to  evaluate  fiber 
accessibility,  a  cable  was  manufactured  using  prototype  unit  tubes 
fabricated  from  a  variety  of  candidate  materials.  In  all  cases,  tubes 
could  be  removed  from  the  fibers  by  pinching  the  tube 
approximately  100mm  from  the  end  and  pulling  the  tube  off  the 
fiber  group.  Repeated  hand  motions  were  required  to  access 
longer  lengths  of  fiber. 

Tool  free  mid-span  entry  was  more  complicated.  For  the  initial  set 
of  prototype  tubes,  no  suitable  method  of  exposing  the  mid-span 
fibers  without  tools  was  discovered.  In  the  case  of  low  strength 
tube  materials,  only  short  lengths  of  tube  could  be  removed  at  one 
time.  Medium  strength  materials  were  too  hard  to  remove  by  hand 
and  too  soft  to  split  open  with  a  tool.  Higher  strength  materials 
required  a  tool  to  split  the  tube  open. 

The  next  set  of  prototype  unit  tubes  were  manufactured  using  a 
small  ripcord  next  to  the  optical  fibers.  The  ripcord  significantly 
improves  fiber  access.  End  cable  fiber  access  is  easily 
accomplished  with  a  minimum  of  hand  motions  by  pulling  a  short 
length  of  tube  from  the  fibers  and  using  the  ripcord  to  slit  the  tube 
to  the  required  length.  The  ripcord  is  differentiated  from  the  fibers 
by  its  two-color  black/white  construction. 

Mid-span  entry  is  easily  accomplished  with  the  ripcord.  The  tube 
is  separated  in  the  middle  to  expose  the  ripcord  by  selecting  the 
entry  point,  pinching  the  tube  gently  with  the  thumb  and  index 
finger  of  each  hand  and  pulling  the  jacket  in  two  (see  photograph 
in  Figure  9).  The  tube  is  then  held  in  one  hand  while  the  ripcord  is 
pulled  away  from  the  fibers  to  slit  the  tube. 


Figure  9.  Ripcord  Ready  for 
Mid-Span  Unit  Tube  Entry 
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7.  Conclusion 

This  paper  presented  two  tube-in-tube  design  options  for  use  with 
traditional,  2670N  tensile  strength  central  core  sheaths.  The  cable 
core  designs  presented  here  combine  the  best  features  of  central 
core,  loose  tube,  and  slotted  core  cable  designs.  The  units  offer 
the  easy  mid- span  entry  and  the  compact  sheath  design  of  central 
core  cables,  and  the  easy  unit  identification  of  traditional  loose 
tube  cables  is  provided  with  colored  unit  tubes.  The  fast  splicing 
and  circuit-based  fiber  grouping  of  the  slotted  core  cable  is 
available  when  units  containing  four-fiber  ribbon  units  are 
substituted  for  units  containing  individual  optical  fibers.  The 
completed  cables  comply  with  Bellcore  GR-20-CORE,  Generic 
Requirements  for  Optical  Fiber  and  Optical  Fiber  Cable . 

The  soft  cable  core  design  provides  a  compact  and  flexible 
platform  for  fiber  optic  cables  providing  excellent  mechanical  and 
environmental  performance. 

The  dry  core  cable  design  was  selected  for  production.  Easier 
jacket  entry  and  compatibility  with  existing  tools  and  procedures 
make  this  the  design  the  better  choice. 

The  new  cable  core  is  packaged  in  general  purpose,  rugged 
sheaths  that  meet  standard  North  American  performance 
requirements.  We  believe  the  efficiencies  gained  from  mass  fusion 
splicing  and  the  ability  to  group  fibers  into  optical  circuits  will 
drive  acceptance  of  ribbons  in  the  low  fiber  count  cable  designs. 
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ABSTRACT 

We  developed  a  new  non-metallic  optical  fiber  unit  can  be  bound 
to  the  power  drop  wires  from  the  aerial  lines  not  only  in  the 
factory  but  also  in  the  field.  The  results  of  the  tensile  performance 
test  of  the  composite  cable  using  this  unit  under  the  maximum 
permissible  tension  of  the  conventional  drop  wires,  showed  the 
excellent  with  no  optical  loss  changing  and  than  less  0.2% 
elongation  ratio. 

Furthermore  a  new  simple  and  portable  binding  tool  was  also 
developed,  which  can  easily  attach  the  optical  fiber  unit  to  the 
existing  installed  power  drop  wires  in  the  field. 

We  evaluated  the  new  installation  method  using  these  optical  fiber 
unit  and  the  binding  tool  in  an  actual  field  test  site,  the 
performances  were  excellent  for  binding  of  that  50m  optical  fiber 
unit. 

KEYWORDS 

Optical  Fiber;  Power  Drop  Wires;  Optical  Subscriber  Line; 
Broadband  Internet  Services;  CATV  Services;  Aramid  FRP 

INTRODUCTION 

The  optical  subscriber  lines  are  expected  to  realize  the 
high-capacity  data  networks  such  as  the  broadband  Internet 
services  and  the  CATV  services.  They  are  also  required  to  be 
economically  installed,  flexible  and  speedy  to  answer  the  various 
needs  of  the  Internet  users. 

Generally,  optical  cables  are  installed  from  aerial  cables  to  the 
users  when  the  each  requirement  occurs.  This  method  needs  high 
costs  of  optical  cable  itself,  and  the  installation  that  takes  a  long 
period.  Furthermore,  a  lot  of  cables  are  to  be  drawn  into  a  house, 
then  the  strength  up  of  the  common  poles  becomes  necessary. 
Therefore,  we  have  been  investigating  the  new  method  to  attach 
the  optical  fibers  to  the  power  dorp  wires,  as  one  of  the  approaches 
to  solve  the  above  problems. 

1 .  Composite  cable  of  the  optical  fiber 

unit  and  the  power  drop  wires 

1.1  Design  conditions 

We  considered  the  following  conditions  in  order  to  unify  the 
developed  optical  fiber  unit  to  the  power  dorp  wires. 

That  unit  had  to  be  fabricated  without  any  metallic  elements  to 
avoid  the  electromagnetic  interference.  This  unit  also  needs  the 
enough  strength  for  handling  in  the  cable  installation.  Therefore, 
the  fiber  reinforced  plastic  (FRP)  strength  members  are  unified  in 
this  unit. 

Considering  that  the  each  optical  fiber  unit  may  be  connected  to 
the  various  network  services,  therefore  we  decided  to  unify  the 
two  single  mode  fibers  in  it. 


1 .2  Optical  fiber  unit  design 

Figure  1  shows  the  cross  section  of  the  developed  optical  fiber  unit 
which  consists  of  a  2-fiber  ribbon  and  two  thin  aramid  FRP  strength 
members  both  sides  of  the  ribbon. 

The  selected  aramid  FRP  of  the  strength  members  is  able  to  avoid 
the  crush  will  be  caused  by  the  bending  when  the  unit  will  be  fixed 
to  a  splice  box.  We  choused  the  1.0mm  diameter  of  strength 
members  which  can  permit  a  tension  of  198N  actually  measured  as 
the  tension  force  by  one  hand. 

To  reduce  the  manufacturing  cost  of  this  unit,  it  was  extruded  with 
the  fiber  ribbon  and  the  strength  members  which  were  coated  with 
the  PVC  sheath  in  the  lump.  This  sheath  is  the  same  resin  of  the 
power  drop  wires.  The  unit  has  two  notches  on  the  both  sides  of  the 
sheath,  for  separating  out  the  fiber  ribbon  easily  under  the 
installation. 

The  unit  has  a  diameter  of  4.6  mm  and  a  weight  of  25  kg/km. 


Figure  1  Cross  section  of  the  optical  fiber  unit 
1 .3  Composite  cable  design 

Figure  2  shows  the  cross  section  of  composite  cable  of  the 
developed  optical  fiber  unit  described  above  and  the  power  drop 
wires. 

The  composite  cable  is  formed  by  binding  those  units  and  the  drop 
wires  each  other,  in  order  to  achieve  the  reduction  of  the 
manufacturing  cost  and  the  wind  pressure  load.  Adapting  such 
composite  cable  structure,  the  outer  diameter  and  the  weight  of  it 
can  be  almost  equal  to  those  of  the  conventional  power  drop  wires. 
Furthermore,  this  composite  cable  can  be  separated  easily  to  each 
other  under  the  installation. 

This  composite  cable  has  the  diameter  of  19mm  and  the  weight  of 


Figure  2  Cross  section  of  the  composite  cable  of 
the  optical  fiber  units  and  the  power  drop  wires 
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1.4  Characteristics  of  the  composite  cable 

1.4-1  Temperature  Characteristic 

Figure  3  shows  the  temperature  characteristic  of  the  optical  loss 
changing  of  the  fabricated  composite  cable  in  the  range  of  -30  to 
60  degrees.  The  measurement  optical  wavelength  was  1550  nm. 
The  loss  changing  was  excellent  with  less  than  0.01  dB/km. 


Figure  3 Temperature  characteristic  of  optical  loss 
changing  of  the  composite  cable 


1.4-2  Tensile  test  performances 

The  developed  non-metallic  optical  fiber  unit  allows  attaching  to 
the  drop  wires  which  can  support  the  unit  instead  of  the  strength 
member  itself  by  binding  each  other. 

Figure  4  shows  the  measured  tensile  performances  of  the 
fabricated  composite  cable,  such  as  the  elongation  ratio  and  an 
optical  loss  changing  with  measurement  wavelength  of  1550  nm. 
There  was  no  optical  loss  changing  and  less  than  0.19%  elongation 
ratio  equivalents  to  the  fiber  strain  concerned  with  its  lifetime, 
under  the  condition  of  maximum  permissible  tension  of  5,635  N  of 
the  composite  cable. 


1.4-3  Other  Mechanical  Characteristics 

Table  1  shows  the  results  of  the  other  mechanical  characteristics  of 
the  fabricated  composite  cable.  In  all  examinations,  they  were 
excellent  results. 


Table  1  Test  results  of  the  other  mechanical 
characteristics  of  the  composite  cable 


Test  Items 

Test  Conditions 

Loss  changing 

Lateral 

Pressure 

1470N/50mm 

Less  than 

O.OldB 

Bending 

300mm  diameter 
±  180deg.  10  times 

Less  than 

O.OldB 

Impact 

25mm  $  500g  load 
lm  drop  height 

Less  than 

O.OldB 

Torsion 

±180deg.  3  turn 

Less  than 

O.OldB 

Squeezing 

R:250mm  wheel 

539N  5  turn 

Less  than 

O.OldB 

2.  Binding  tool  for  the  optical  fiber  unit 

2.1  Design  conditions 

The  developed  composite  cable  of  the  optical  fiber  unit  and  power 
drop  wires  mentioned  before,  is  suitable  for  the  new  installation  of 
optical  subscriber.  However,  the  installation  cost  should  be 
certainly  increased  if  the  existing  power  drop  wires  is  exchanged 
for  the  developed  composite  cable. 

Therefore,  we  intended  to  develop  a  new  binding  method  for  the 
optical  fiber  unit  to  the  existing  power  drop  wires.  We  considered 
the  following  conditions  to  develop  this  method  and  the  binding 
tool. 

o  The  period  for  the  binding  installation  of  the  optical 
fiber  unit  is  as  short  as  possible. 

o  The  method  and  the  binding  tool  can  support  the  various 
installation  conditions. 

o  The  construction  of  binding  tool  is  as  simple  as  possible 
to  manufacture  with  not  only  the  lower  cost  but  also  the 
small  size  and  light  weight  for  operating  on  a  pole. 


2.2  Binding  tool  design 

Figure  5  shows  the  photograph  of  the  developed  binding  tool  for 
the  optical  fiber  unit. 

The  binding  tool  consists  of  the  partial  plastic  bobbins  dividable 
into  the  half,  can  be  to  attach  the  existing  power  drop  wires,  on 
which  the  optical  fiber  unit  can  be  bound  by  using  a  handy  electric 
screwdriver  before  the  binding  to  that  drop  wires. 

The  circumference  length  of  that  tool’s  bobbin  was  designed  to  get 
that  the  bound  optical  fiber  unit  became  the  same  as  pitch  of  the 
power  drop  wires. 

By  pulling  the  rope  with  this  tool  on  which  the  optical  fiber  unit 
already  was  bound,  and  we  can  easily  unify  the  unit  and  the  power 
drop  wires.  Figure  6  shows  the  image  of  the  developed  installation 
method  of  the  optical  fiber  unit. 
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Figure  5  Photograph  of  the  binding  tool 


Figure  6  Installation  image  of  the  optical  fiber  unit 
2.3  Optical  fiber  unit  design 

The  optical  fiber  unit  introduced  in  Chapter  1  can  be  adopted  for 
this  binding  tool. 

Because  we  investigated  that  the  developing  of  the  optical  fiber 
unit  can  be  applied  for  not  only  the  composite  cable  fabricated  in 
the  factory  but  also  the  field  installation  of  it  by  using  this  tool. 
The  actually  measured  tension  of  the  optical  fiber  unit  under 
binding  installation  was  less  than  19.8  N. 

Therefore  the  developed  optical  fiber  unit  has  the  enough  strength 
for  installation  using  this  tool  as  described  before. 

In  addition,  the  other  various  excellent  performances  of  this  unit 
were  same  as  the  results  introduced  in  Chapter  1 . 


2. 4  Characteristics  of  the  optical  fiber  unit 

2.4-1  Temperature  Characteristic 

Figure  7  shows  the  temperature  characteristic  of  the  optical  fiber 
unit  loss  in  the  range  of  -30  to  60  degrees.  The  measurement 
optical  wavelength  was  1550nm. 

The  changing  of  optical  loss  was  excellent  with  less  than 
O.OldB/km. 


Figure  7 Temperature  characteristic  of  the  optical 
fiber  unit 

2.4-2  Tensile  test  performances 

Figure  8  shows  the  unit  elongation  ratio  and  a  optical  loss 
changing  at  the  1550nm  wavelength  under  adding  tension  to  the 
unit. 

There  was  no  optical  loss  changing  under  the  maximum  198N 
tension,  and  the  cable  elongation  ratio  was  less  than  0.18%. 


Figure  8 Tensile  test  results  of  the  optical  fiber  unit 


2. 4-3  Other  mechanical  characteristic 

Table  2  shows  the  results  of  the  other  mechanical  characteristics  of 
the  optical  fiber  unit.  In  all  examinations,  they  were  all  excellent 
results. 
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Table  2 Test  results  of  the  other  mechanical 


characteristics  of  the  optical 

fiber  unit 

Test  Items 

Test  Conditions 

Optical  loss 
changing 

Lateral 

Pressure 

1470N/50mm 

Less  than 

O.OldB 

Bending 

46mm  diameter 
±  180deg.  10  times 

Less  than 

O.OldB 

Impact 

25mm  $  500g  load 
lm  drop  height 

Less  than 

O.OldB 

Torsion 

±180deg.  3  turn 

Less  than 

O.OldB 

Squeezing 

R:250mm  wheel 

196N  5  turn 

Less  than 

O.OldB 

2.5  Characteristics  of  the  binding  tool 

2.5-1  Installation  Inspection 

The  50m  installed  power  drop  wires  and  the  bound  optical  fiber  unit 
on  it  are  shown  in  figure  9.  The  installation  period  was  7  minutes 
and  20  seconds,  for  attaching  of  the  unit  using  the  binding  tool. 
Figure  10  shows  the  example  of  the  measured  optical  loss  waveform 
of  that  unit  after  installation  by  the  OTDR.  In  the  other  measured 
data,  ail  results  are  excellent. 


Figure  9  Photograph  of  the  installation  sight 


6.  1  3  7  d  3 


Figure  10  Waveform  example  of  the  measured 
optical  loss 


2.5-2  Long  term  reliability  examination 

Furthermore,  we  evaluated  a  long-term  optical  loss  changing  after 
the  binding  of  the  unit  to  confirm  the  reliability  of  this  new 
installation  method.  Figure  11  shows  the  measurement  results  of 
the  optical  loss  changing  in  the  period  of  12  weeks  passage  from 
the  installation.  There  is  no  remarkable  loss  changing,  which 
means  this  method  has  a  sufficient  reliability. 


Figure  11  Results  of  the  long  term  reliability 
examination 

We  got  the  other  excellent  results  in  this  inspection  of  the 
installation  for  the  optical  fiber  unit  by  the  developed  binding  tool. 
The  new  developed  method  can  realize  the  effective  usage  of  the 
optical  fiber  unit  for  attaching  to  the  existing  power  drop  wires, 
and  the  reducing  of  the  installation  period  and  the  numbers  of  the 
dropping  cables. 


CONCLUSION 

We  developed  the  new  non-metallic  optical  fiber  unit  which  can  be 
composed  with  the  power  drop  wires,  and  the  new  simple  and 
portable  binding  tool  which  can  easily  attach  that  optical  fiber  unit 
to  the  existing  installed  power  drop  wires  in  the  actual  fields. 

We  evaluated  the  various  performances  and  characteristics  of  these 
new  materials  described  in  this  paper.  The  every  excellent  results 
of  the  evaluations  indicate  that  they  are  suitable  for  the  actual 
applications. 

This  new  method  mentioned  before  can  reduce  the  cost  and  the 
period  of  installation  for  the  optical  fibers.  Furthermore,  this  gives 
the  better  view  and  the  lower  wind  pressure  by  binding  the  optical 
fiber  unit  and  the  power  drop  wires,  in  comparison  with  the 
conventional  methods. 

Consequently,  this  method  can  realize  the  optical  subscriber  lines 
such  as  the  high-capacity  data  networks  which  are  required  to  be 
economically  installed,  flexible  and  speedy  to  answer  the  various 
needs  of  especially  the  Internet  services. 


International  Wire  &  Cable  Symposium 


11 


Proceedings  of  the  49th 


REFERENCES 

[1]  S.  Matsumoto  et  al.,  ’’Development  of  drop  wires  with  optical 

fiber  cables”  IEICE  September  1998,  B- 10-32 

[2]  Y.  Hamada  et  ah,  ”A  study  of  optical  fiber  cable  attached  to  the 

drop  wires”  IEICE  September  1999,  B- 10-41 


AUTHORS 


Yukihiro  Hamada  was  bom  in  1970.  He  graduated  in  electric 
engineering  from  Oita  National  College  of  Technology  in  1991. 
Rejoined  Nishi-Nippon  Electric  Wire  &  Cable  Co.,  Ltd.  in  1991. 
He  has  been  engaged  in  development  of  optical  fiber  cable. 

He  is  a  member  of  IEICE  of  Japan. 


Shoji  Matsumoto  was  bom  in  1971.  He  received  a  M.E.  degree  in 
electronic  engineering  in  1995  from  Oita  University.  He  joined 
Nishi-Nippon  Electric  Wire  &  Cable  Co.,  Ltd.  in  1995.  He  has 
been  engaged  in  development  of  optical  fiber  cable. 

He  is  a  member  of  IEICE  of  Japan. 


Fumihiko  Shimizu  was  bom  in  1959.  He  received  a  M.E.  degree 
in  information  engineering  in  1984  from  Toyohashi  University  of 
Technology.  He  is  a  manager  of  Telecommunications  Engineering 
Department,  Nishi  Nippon  Electric  Wire  &  Cable  Co.,  Ltd..  He 
has  been  engaged  in  development  of  optical  fiber  cables,  optical 
connectors  and  their  accessories.  He  is  a  member  of  IEICE  of 
Japan. 


Hirotaka  Tanaka  was  bom  in  1964.  He  graduated  in  electric 
engineering  from  Kurume  National  College  in  1985.  He  joined 
Kyushu  Electric  Power  Co.,  Ltd.  in  1985.  He  has  been  charge  of 
development  of  Integrated  Automatic  Distribution  System 


Tetsuya  Ujie  was  bom  in  1964.  He  graduated  in  electric 
engineering  from  Kumamoto  University  in  1987.  He  joined 
Kyushu  Electric  Power  Co.,  Ltd.  in  1987.  He  has  been  charge  of 
development  of  Integrated  Automatic  Distribution  System 


International  Wire  &  Cable  Symposium 


12 


Proceedings  of  the  49th 


Hybrid  Cables  for  Telecommunications  and  Power  Feeding 

into  the  Access  Network 

Marta  Garcia,  Carlos  G.  Cortines,  Francisco  J.  Saez 

Alcatel  Cable  Iberica 
Maliano,  SPAIN 

+34-942-250100  •  marta.garcia@aci.alcatel.es 


Abstract 

The  introduction  of  the  optical  fibers  into  the  access  network  is,  at 
present,  one  of  the  main  challenges  for  the  Telecommunications 
world.  Day  after  day  the  subscriber  is  demanding  higher  technology 
services  (very  different  from  the  traditional  telephone  lines), 
transporting  bigger  amounts  of  information  through  longer  distances 
and  much  faster. 

The  Transport  and  even  the  Distribution  part  of  the  network  are 
almost  100%  covered  with  optical  fiber  cables.  However,  the  Access 
part  of  the  system,  the  “last  mile”,  still  requires  a  lot  investment 
effort  and  just  a  few  operators  are  willing  to  go  for  it. 

In  order  to  make  this  FTTH  challenge  more  attractive,  we  can  come 
up  with  some  ideas  combining  optical  fibers  with  other  services 
(such  as  power  feeding,  copper  pairs,  coax.  etc).  Besides  all  this,  the 
present  paper  shows  one  real  example  of  what  can  be  done  in  this 
field:  one  hybrid  cable  for  telecommunications  and  power  transport, 
to  feed  the  O/E  converters  of  the  network,  is  presented.  This  cable 
has  been  designed  and  manufactured  in  Spain  and  some  400  km  of  it 
have  already  been  sold  to  a  Spanish  operator,  since  then. 

1.  Introduction 

The  current  tendency  for  the  telecommunications  business  is 
going  to  bigger  and  bigger  needs  for  bandwidth.  More  and  more, 
the  subscriber  is  demanding  services  going  from  the  traditional 
telephone  line  or  the  Internet  access,  to  the  digital  cable  TV  or 
video  transmission,  passing  through  incoming  interactive  services, 
such  as  PPV,  VOD,  TV-  shopping,  TV-bank,  and  so  on.  All  these 
services  must  be  provided  at  a  very  high  speed,  including  a  safe 
and  trustful  system  easy  to  upgrade  and  reliable.  Due,  among 
other  reasons,  to  its  enormous  capacity  for  information  transport 
(bandwidth),  its  immunity  against  interference  and  its  low  signal 
attenuation,  the  optical  fiber  seems  to  be  the  optimum 
transmission  means  to  put  up  with  this  huge  information  demand. 

The  present  situation  is  that  the  existing  systems  have  a  high 
percentage  of  fibers.  The  Transport  network ,  connecting  the  Head 
End  (which  contains  satellite  dishes,  microwave  panels  and  other 
devices  receiving  information  form  the  emitter)  with  the 


Distribution  Network  is  fully  carried  through  optical  fiber.  The 
Distribution  part  of  the  system,  which  drives  the  information  from 
the  Transport  part,  to  the  subscriber  by  means  of  the  Access 
Network ,  is  fiber  in  a  high  percentage,  but  not  completely.  A  lot  of 
distribution  networks  are  HFC  (hybrid-fiber-coax).  However,  the 
existing  operators  are  a  little  reluctant  to  design  their  access 
networks  with  optical  fibers,  since  there  is  a  main  constrain  when 
they  have  to  get  to  the  receivers:  the  Opto-Electrical  (O/E) 
conversion. 

It  is  at  this  point  when  the  need  for  hybrid  cables  becomes  more 
important.  The  installation  of  mixed  cables  combining,  for 
instance,  copper  pairs  with  some  optical  fibers  (for  telephony  + 
future  high  bandwidth  services)  allows  the  operator  to  put  in  place 
the  copper  pairs  he  needs  at  present,  together  with  some  optical 
fibers  already  installed,  for  the  moment  when  the  technology 
evolves  to  the  FTTH.  This  would  avoid  any  extra  cable 
installation,  since  the  fibers  will  already  be  there. 

On  the  other  hand,  the  optical  networks  have  really  improved 
since  the  apparition  of  the  optical  amplifiers,  EDFA  (Erbium 
Doped  Fibers  Amplifiers),  in  substitution  of  the  3R  amplifiers, 
normally  used  before,  which  had,  electrically,  to  “ReShape  + 
ReTime  +  ReAmplify”  the  signal.  This  event  allowed  the  whole 
connection  (the  link  between  the  emitter  and  the  receiver)  to  be 
purely  optical.  However,  once  the  signal  gets  to  the  receiver,  there 
is  still  a  need  for  electrical  conversion,  since  the  necessary 
appliances  (such  as  telephone,  TV,  VCR,  computer,  etc.)  are  not 
optically  driven  yet.  The  same  problem  occurs  when,  in  a  HFC 
network,  the  operator  needs  power  to  feed  the  O/E  converters 
necessary  to  pass  from  the  optical  fiber  to  the  coaxial  cable  or 
even  higher  power  to  feed  the  CATV  equipment. 

At  that  point,  the  need  for  a  solution  incorporating  to  the  optical 
fibers,  some  copper  rods  for  equipment  feeding,  is  becoming  more 
and  more  important.  This  idea  would  make  the  operator  much 
more  self-sufficient.  By  integrating  the  power  into  the  same  cable 
as  the  information  is  driven,  it  will  be  possible  to  place  the 
equipment  anywhere  in  the  network,  with  complete  autonomy  for 
the  operator,  to  minimize  even  cost  for  extra  civil  works  and 
additional  investments  in  infrastructure. 
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2.  Types  of  Solutions 

Different  solutions  have  been  proposed  to  customers  requesting 
hybrid  cables.  Among  them,  we  have  selected  the  following,  in 
order  to  illustrate  the  applications  these  cables  can  achieve. 

2.1  Hybrid  Drop  Cable:  Copper  Pairs  +  Fibers 

This  is  a  drop  cable  specially  designed  to  provide  both  POTS  (Plain 
Ordinary  Telephony  Service)  and  Broadband  services.  In  order  to 
manage  that,  this  fig.-8  cable  is  made  up  of  an  optical  and  a  metallic 
core  (both  the  same  size),  kept  together  by  means  of  a  halogen  free 
and  flame  retardant  outer  jacket  (for  indoor  applications).  Figure  1 
shows  a  picture  of  this  drop  hybrid  cable. 


Figure  1.  Longitudinal  view  of  a  drop  hybrid  cable 


■  A)  Metallic  Core.  This  core  is  made  up  by  four  copper  wires 
(or  two  copper  pairs),  of  0.51  mm  diameter,  individually 
insulated  with  solid  polyethylene  (0.22  mm  radial  thickness). 
Each  two  conductors  are  stranded  together  making  a  pair. 
Around  this  metallic  core,  a  LSZH  flame-retardant  jacket  is 
extruded  (radial  thickness:  0.5  mm),  and  a  ripcord  is  placed 
under  it  to  ease  the  pairs  access.  The  individual  outer  diameter 
of  the  metallic  core  is  3.15  mm  and  its  weight  is  around  25 
kg/km. 

The  transmission  characteristics  requested  for  a  multipair  cable 
are  also  kept  in  this  design  for  the  Metallic  core.  The  main 
parameters  are  shown  in  Table  1 


*  B)  Optical  Core.  The  optical  part  of  the  cable  contains  2 
optical  fibers  inside  a  loose  tube  of  1.5  mm  OD.  A  layer  of 
aramid  yams  as  strength  elements  are  stranded  around  the  tube 
and  a  jacket  of  LSZH  flame-retardant  material  is  extruded  over 
it  (radial  thickness:  0.5  mm).  The  individual  outer  diameter  of 
the  optical  core  is  3.15  mm  and  its  weight  is  around  20  kg/km. 

The  transmission  characteristics  for  the  Optical  core  are  those  of 
the  fibers  included  in  it.  In  this  case,  they  are  standard  single 
mode  fibers  (type  G.652),  even  if  they  could  also  be  other  kind, 
such  as  multimode  (type  G.651). 

The  two  cores  (copper  conductors  and  fibers),  covered  by  a  jacket 
of  LSZH  flame-retardant  material  making  a  Fig.8  structure, 
compose  the  complete  Hybrid  cable.  The  radial  thickness  of  this 
shared  outer  jacket  is  0.5  mm.  The  final  diameter  of  each  sub¬ 
cable  is  4.15  mm  and  a  nexus  of  1-mm  length  links  them  together. 
The  final  length  of  the  complete  hybrid  cable  is  around  9.3  mm 
and  its  nominal  weight  is  45  kg/km.  The  mechanical  and  thermal 
characteristics  of  the  complete  cable  are: 

■  Max.  Pulling  Load:  800  N 

"  Max.  Bending  Radius:  80  mm 

■  Operating  Temperature  Range:  -20;  +60  °C 

The  environmental  characteristics,  against  fire,  for  this  drop 
Plenum  cable  are  according  to  IEC,  as  shown  in  Table  2 


Table  2.  Main  Characteristics  against  fire 


Property 

Test  method 

Acceptance  Criteria 

Flame  Retardancy 

IEC-332-1 

s/  IEC-332-1 

Halogen  Free 

IEC-754-1 

EEC-754-2 

Halogen  released  <  1% 

Acidity  ->  pH  >4.2 

Low  smoke 

IEC- 1034-1  1 

Transmittance  ->  x  > 

50% 

This  hybrid  cable  is  specially  designed  for  operators  providing,  at 
present,  telephony  services  and  planning  to  offer  high  bandwidth 
services  in  the  next  future. 


Table  1.  Main  Transmission  Characteristics 
for  the  Metallic  Core 


Parameter 

Unit 

Value 

Ohm  Resistance 

Ohm/km 

<93 

Mutual  Capacitance 

nF/km 

52 

Attenuation 

@800  Hz 

dB/km 

1.7 

@3000  Hz 

2.3 

@1  MHz 

24.0 

2.2  Tri-Ways  Cable:  Coax.  +  Copper  Pairs  +  Fibers 

This  is  a  complete  access  cable  specially  designed  to  provide 
CATV,  POTS ,  and  Broadband  services.  In  this  case,  the  cable  is  an 
uneven  fig.-8  design  made  up  of  a  coax  core  and  a  hybrid  pairs  + 
fibers  core,  kept  together  by  means  of  a  halogen  free  and  flame 
retardant  outer  jacket  (for  indoor  applications).  Figure  2  shows  a 
cross  sectional  picture  of  this  Tri-Ways  cable  (Siamese  cable 
including  fibers). 
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In  what  the  mechanical  and  thermal  characteristics  of  the  coax 
core  are  concerned,  the  main  are: 


The  coax  core  has  a  final  diameter  (without  jacket)  of  around 
6,2  mm.  The  electrical  and  transmission  characteristics 
requested  for  an  RG-6  coax  cable  must  be  kept  in  this  design. 
The  main  parameters  are  shown  in  Table  3 

Table  3.  Main  Transmission  Characteristics 
for  the  Coaxial  Core 


Parameter 

Unit 

Value 

Characteristic  Impedance 

Ohm 

75 

Mutual  Capacitance 

nF/km 

53 

Return  Loss  (5-1000 

MHz) 

dB 

>20 

Attenuation(max .) 

@5  MHz 
@100  MHz 
@1000  MHz 

dB/100  m 

1.87 

7.20 

19.99 

■  Pulling  Load  (min.):  450  N 

■  Bending  Radius  (max.):  50  mm 

■  B)  Copper  Pairs.  The  telephony  part  consists  in  two  copper 
pairs.  The  conductors  are  of  0.51  mm  diameter,  individually 
insulated  with  solid  polyethylene  (0.22  mm  radial  thickness). 
Each  two  conductors  are  twisted  in  a  pair  and  then  stranded 
together  with  the  optical  core. 

The  value  of  the  main  transmission  characteristics  for  the 
copper  pairs  in  this  design  are  shown  in  Table  4 


Table  4.  Main  Transmission  Characteristics 
for  the  Copper  pairs  in  the  Tri-ways  cable 


Parameter 

Unit 

Value 

Ohm  Resistance 

Ohms/km 

<93 

Mutual  Capacitance 

nF/km 

45 

Attenuationfmax.) 

@1  kHz 
@100  kHz 

dB/km 

1.7 

9.0 

@1000  kHz 

24.0 

Impedance  @  1000  kHz 

Ohm 

100 

■  C)  Optical  Core.  The  optical  part  of  the  cable  contains  up  to  8 
optical  fibers  inside  a  loose  tube  of  1.8  mm  OD.  This  tube  is 
then  stranded  together  with  the  two  copper  pairs  to  make  the 
second  part  of  the  cable.  The  final  diameter  of  this  stranded  core 
(without  jacket)  is  around  3.4  mm. 

The  transmission  characteristics  for  the  Optical  core  are  those  of 
the  fibers  included  in  it.  In  this  case,  they  are  standard  single 
mode  fibers  (type  G.652),  even  if  they  could  also  be  of  other 
kind,  such  as  multimode  (type  G.651). 

The  complete  Tri-Ways  Hybrid  cable  is  composed  by  the  two 
uneven  cores  (coax  and  copper  conductors  +  fibers),  covered  by 
jacket  of  LSZH  flame-retardant  material,  making  a  Fig.8  structure. 
The  radial  thickness  of  this  jacket  is  0.78  mm  over  the  coax  core 
and  0.51  mm  over  the  hybrid  (pairs  +  fibers)  core. 

The  final  diameters  are: 

-.  Coax  core:  7.2  mm  OD 

-.  Hybrid  (Fibers  +  Pairs)  core:  4.4  mm  OD 

A  nexus  of  0.6  mm  length  and  0.4  mm  width  of  the  same  LSZH 
material,  links  both  cores  together.  The  final  length  of  the 
complete  Tri-Ways  hybrid  cable  is  around  12.8  mm.  Its  main 
characteristics  against  fire  are  the  same  as  shown  in  Table  2. 
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2.3  Optical  Fibers  +  Power  Feeding 

These  cable  solutions  are  specially  designed  to  provide  broadband 
services,  together  with  equipment  feeding  (for  O/E  converters,  for 
CATV  equipment  feeding  etc.).  Therefore,  these  designs  can  be 
used  for  any  FTTx  application,  needing  power  for  equipment 
feeding.  We  have  selected  two  examples,  which  have  been  very 
welcome  among  new  operators: 

2.3. 1  FTTB  +  Feeding.  This  cable  design  presents  a  solution 
including,  together  with  the  fibers,  a  couple  of  small  copper  wires 
to  self-feed  the  O/E  converters  in  the  access  network.  This  design 
was  specially  conceived  for  operators  carrying  the  optical  signal 
through  the  fibers  up  to  the  subscriber’s  building  (FTTB).  At  that 
point,  the  signal  has  to  be  converted  to  electrical,  to  get  to  the 
subscriber  by  means  of  copper  pairs  and/or  coax  cables.  In  order 
to  be  able  to  place  these  O/E  converters  anywhere  around  the 
building,  the  idea  of  carrying  its  feeding  within  the  same  cable 
becomes  very  attractive.  Figure  3  shows  a  picture  of  this  FTTB  + 
feeding  cable,  for  which  the  characteristics  are  mentioned  hereafter. 


Figure  3-  cross-sectional  view  of  a 
hybrid  FTTB  +  Feeding  cable 

A)  Copper  conductors:  depending  on  the  tension  that  has 
to  pass  through,  the  copper  conductors  can  be  1.5  or  2.5 
mm2  section.  The  dimensions  in  every  case  are  as  follows: 

■  Copper  Diameter  (flexible  copper) 

-.  1.4  mm  OD  for  the  1.5  mm2  section  wire 
-.1.8  mm  OD  for  the  2.5  mm2  section  wire 

■  Copper  Insulation  (PVC) 

-.  1 .4  mm  radial  thickness  for  both  cases 

■  Wire  final  diameter  (Insulated  Copper) 

-.  3.0  mm  OD  for  the  1.5  mm2  section  wire 
-.  3.4  mm  OD  for  the  2.5  mm2  section  wire 


B)  Fiber  Tubes:  the  two  loose  tubes,  depending  again  on 
the  copper  conductors,  will  have  the  following 
dimensions: 

■  Loose  tube  diameter 

-.  3.0  mm  OD  for  the  cable  with  1.5  mm2  section  wires 

-.  3.4  mm  OD  for  the  cable  with  2.5  mm2  section  wires 

In  any  case,  these  loose  tubes  may  contain  from  2  to  24 
optical  fibers. 

Finally,  the  four  elements  are  stranded  together  around  a  dielectric 
central  strength  member  (FRP)  and  an  outer  jacket  of  HDPE  of 
1 .4  mm  radial  thickness  is  extruded  on  top  of  the  core.  The  final 
dimensions  are: 

■  Cable  Outer  diameter 

-.  10.5  mm  OD  for  the  cable  with  1.5  mm2  section  wires 

-.  1 1.5  mm  OD  for  the  cable  with  2.5  mm2  section  wires 

The  main  characteristics  for  this  FTTB  +  Feeding  hybrid  cable  are 
shown  in  Table  5 


Table  5.  Main  Characteristics 
for  the  FTTB  +  Feeding  cable 


Parameter 

Unit 

Value 

1.5  mm2  2.5  mm2 

Cable  Outer  Diameter 

mm 

10.5 

11.5 

Cable  Weight 

Kg/km 

75 

100 

Max.  Pulling  Load 

N 

1,000 

1,000 

Min.  Bending  Radius 

mm 

160 

170 

Ohm  Resistance 
(copper  conductors) 

Ohm/km 

12.1 

7.4 

The  optical  characteristics  of  the  cable  are  those  of  the  optical 
fibers  included  in  it.  In  this  case,  they  are  standard  single  mode 
fibers  (type  G-652)  but  they  could  also  be  multimode  fibers  (type 
G-65 1)  or  any  other  standard  type. 

Therefore,  this  FTTB  +  feeding  hybrid  cable  includes  up  to  48 
optical  fibers,  together  with  two  copper  conductors  of  1.5  or  2.5 
mm2  section  for  O/E  converters  feeding  (low  voltage  applications 
and  short  distances).  In  case  of  needing  higher  voltage  (higher 
intensity)  or  going  further,  another  design  can  be  presented: 

2.3.2  FTTC  +  Power.  This  cable  design  introduces  a 
solution  including,  together  with  the  fibers,  a  couple  of  bigger 
copper  wires.  This  is  useful  in  case  the  operator  needs  to  self-feed 
equipment  through  longer  distances  (i.e.  for  FTTC)  or  other 
devices  requesting  higher  voltage.  The  proposed  solution  allows 
the  operator  to  place  the  equipment  anywhere  in  the  loop,  without 
having  to  look  for  a  place  to  plug  it  in. 
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Figure  4  shows  a  picture  of  this  FTTC  +  power  cable,  for  which 
the  characteristics  are  mentioned  below. 


Figure  4.  X-sectional  view  of  a  hybrid 
FTTC  +  Power  cable 


Depending  on  the  currency  that  has  to  pass  through  the  wires  and, 
above  all,  the  distance  it  has  to  cover,  the  copper  conductors  can 
be  either  10  or  16  mm2  nominal  section.  As  usually,  we  can  divide 
the  cable  in  several  parts: 

A)  Copper  conductors'.  The  main  dimensions  are  as  follows: 

■  Copper  Diameter  (flexible  copper) 

-.4.1  mm  OD  for  the  10  mm2  nom.  section  wire 

-.5.1  mm  OD  for  the  16  mm2  nom.  section  wire 

■  Copper  Insulation  (PVC) 

-.  1.0  mm  radial  thickness  for  both  cases 

■  Wire  final  diameter  (Insulated  Copper) 

-.  6.1  mm  OD  for  the  10  mm2  nom.  section  wire 

-.7.1  mm  OD  for  the  2.5  mm2  nom.  section  wire 

B)  Fiber  Core :  the  optical  part  of  the  cable  consists  of  4 
loose  tubes  stranded  around  a  CSM.  With  the  specified 
dimensions,  the  cable  may  contain  up  to  24  fibers  (6  fibers 
per  tube),  even  if  in  the  present  example,  the  customer 
requested  just  12  fibers  so  the  core  was  designed  with  3 
tubes  containing  four  fibers  each  plus  one  dummy  tube  as 
filler.  The  dimensions  (regardless  the  section  of  the 
copper  wires)  are  as  follows: 

■  Loose  tube  diameter:  2.1  mm  OD 

■  Filler  rod  diameter:  2.1  mm  OD 

These  four  elements  are  stranded  together  around  a 
dielectric  central  strength  member  (FRP)  of  0.9  mm  OD, 
and  an  outer  jacket  of  PE  is  extruded  on  top  of  the  core. 


■  Jacket  radial  thickness  (for  the  optical  part) 

-.0.5  mm  for  the  10  mm2  nom.  section  wire 
-.  1 .0  mm  for  the  16  mm2  nom.  section  wire 

Then,  the  three  active  elements  (metallic  and  optical)  are  stranded 
together  with  three  PE  dummy  rods  to  fill  the  core  interstices. 

■  Outer  dummy  rods  diameter: 

-.  3.0  mm  for  the  10  mm2  nom.  section  wire 
-.  3.5  mm  for  the  16  mm2  nom.  section  wire 

Finally,  the  core  is  wrapped  with  a  polyester  tape  and  an  outer 
polyethylene  jacket  of  1.6  mm  radial  thickness  is  extruded  on  top 
of  everything. 

The  final  dimensions  for  the  cable  are: 

■  Cable  Outer  diameter 

-.  17.0  mm  OD  for  the  cable  with  10  mm2  nom.  section  wires 

-.  19.0  mm  OD  for  the  cable  with  16  mm2  nom.  section  wires 

The  main  characteristics  for  this  FTTB  +  Feeding  hybrid  cable  are 
shown  in  Table  6 


Table  6.  Main  Characteristics 
for  the  FTTC  +  Power  cable 


Parameter 

Unit 

Value 

10  mm2  16  mm2 

Cable  Outer  Diameter 

mm 

17.0 

19.0 

Cable  Weight 

Kg/km 

340 

480 

Max.  Pulling  Load 

N 

2,000 

2,000 

Max  Compression  resist 

N 

1,000 

1,000 

Min .  Bending  Radius 

mm 

255 

300 

Temperature  cycling 

°C 

-20; +70 

-20;  +70 

Ohm  Resistance 
(copper  conductors) 

Ohm/km 

1.9 

1.2 

The  optical  characteristics  of  the  cable  are  those  of  the  optical 
fibers  included.  In  this  case,  they  are  standard  single  mode  fibers 
(type  G-652)  but  they  could  also  be  multimode  fibers  (type  G- 
65 1 )  or  any  other  standard  type. 

These  two  cables  were  manufactured  according  to  the  customer 
requests.  The  main  mechanical  and  thermal  results  obtained  after 
testing  the  10  mm2  wires  cable  design  (which  is  the  most 
commonly  used  since  them)  are  shown  hereafter: 
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TENSILE  TEST 

(IEC  60794-1 -El  /  EN 187 . 000  Method  501) 

Cable  Length  under  Test 

95  m 

Fiber  Length  under  Test 

190  m 

Initial  Load 

OdaN 

Final  Load 

200  daN 

RESULT 

0.03  %  max.  cable  elong. 
No  attenuation  change 

TENSILE  TEST  RESULT:  PASS 

CRUSH  TEST 

(IEC  60794-1 -E3  /  EN  187. 000  Method  504) 

Fiber  Length  under  Test 

190  m 

Dimensions  of  Plates 

100  x  100  mm 

Initial  Load 

OdaN 

Final  Load 

100  daN 

RESULT 

No  cable  deformation 

No  attenuation  change 

CRUSH  TEST  RESULT:  PASS 

IMPACT  TEST 

(IEC  60794-I-E4  /  EN  187. 000  Method  505) 

Fiber  Length  under  Test 

190  m 

Weight  Radius 

12  mm 

Energy 

5  J 

Number  of  Impacts 

10 

RESULT 

No  cable  deformation 

No  attenuation  change 

IMPACT  TEST  RESULT:  PASS 

THERMAL  CYCLING  TEST 

(IEC  60794-1 -FI  /  EN  187.000  Method  601) 

Cable  Length  under  Test 

1,300  m 

Temperature  Cycling 

-20 ;  +70  °C 

Cycle 

24  hours  /  1  cycle 

THERMAL  CYCLING  RESULT:  PASS  (*see  graph) 

TORSION  TEST 

(IEC  60794- 1-E7  /  EN  187.000  Method  508) 

Fiber  Length  under  Test 

190  m 

Cable  Length  under  Test 

2m 

Load 

10  daN 

Angle  of  Turn 

360°  j 

Number  of  Cycles 

10 

RESULT 

No  cable  deformation 

No  attenuation  change 

TORSION  TEST  RESULT:  PASS 

REPEATED  BENDING  TEST 

(IEC  60794-1-E6  /  EN  187.000  Method  507) 

Fiber  Length  under  Test 

190  m 

Load 

10  daN 

Pulleys  Diameter 

300  mm 

Number  of  Cycles 

10 

RESULT 

No  cable  deformation 

No  attenuation  change 

REPEATED  BENDING  TEST  RESULT:  PASS 
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Figure  6  shows  a  view  of  the  street  (FTTC),  in  where  the  hybrid 
cable  gets  to  the  left  module  and  takes  the  feeding  from  the  Power 
Supply  Module  (right  one  in  the  picture). 


Figure  7 

Figure  7  shows  an  internal  view  of  this  left  module  of  the  street 
(“splitting-rack”),  in  where  the  hybrid  cable  is  divided  into  its 
optical  and  power  parts,  in  order  to  get  the  power  supply  from  the 
module  in  the  right  side.  This  splitting  operation  is  performed  in 
the  little  box  placed  at  the  bottom  of  the  rack  in  Figure  7. 
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Figure  8 


Figure  8  shows  a  zoom  view  of  this  above-mentioned  little  split- 
box,  for  the  hybrid  cable.  As  can  be  seen,  the  power  parts  of  the 
two  cables  getting  to  the  box,  go  together  through  a  couple  of 
holes  in  the  right  side  and  the  optical  cores  are  redirected  through 
a  Grey  duct,  going  up  to  the  fiber  splicing  boxes. 


The  FTTC  +  power  hybrid  cable,  as  extracted  from  the  test  report 
shown  before,  has  been  manufactured  and  characterized  with 
good  results.  In  fact,  around  400  kilometers  of  this  cable  (see 
Picture  5)  have  already  been  installed  in  Spain. 


Figure  5.  Real  Picture  of  a  hybrid 
FTTC  +  Power  cable 

3.  Overseen  a  Real  Installation 

Taking  as  an  example  one  of  the  designs  which  have  more  interest 
for  the  operator,  the  FTTC  +  Power  hybrid  cable,  several  pictures 
are  shown  hereafter,  explaining  the  installation  and  applications  of 
this  design. 


Figure  6 
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Then,  the  hybrid  cable,  carrying  both  the  optical  fiber  signal  and 
the  power  supply,  gets  to  the  NOE  (E/O  Module).  These 
converters  can  be  up  to  1  km  away  from  the  power  supply  and 
that’s  the  reason  why  the  power  conductors  are  as  big  as  10  mm2 
section. 


Figure  9 

Inside  this  NOE  (see  Figure  9),  the  optical  signal  is  transformed  to 
electrical,  thanks  to  the  power  conductors  and  the  information  that 
was  travelling  by  the  optical  fiber  so  far,  is  now  taken  to  the 
subscriber  through  coax  (CATV)  and  pairs  (telephony)  cables. 


4.  Conclusions 

This  paper  has  presented  several  solutions  to  help  the  operators  to 
take  more  advantage  of  the  networks  they  are  deploying.  These 
ideas  can  be  divided  in  two  main  groups: 
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Abstract 

The  ribbon  concept  is  proposed  for  a  completely  new 
application:  an  installation  in  a  harsh  environment  at  the 
European  Laboratory  for  Particle  Physics,  CERN,  in 
Switzerland.  Two  major  experiments  will  be  installed  at 
the  CERN  Large  Hadron  Collider  (LHC)  called  ATLAS 
and  CMS.  The  experiments  are  planned  to  become 
operational  by  2005.  Optical  links  will  be  required  to 
exchange  data  between  the  detector  front  ends  and  the 
control  rooms.  The  ATLAS  experiment  will  use 
approximately  25000  digital  optical  links  based  on  50jum- 
fiber  and  850nm  VCSEL  emitters  while  the  CMS 
experiment  will  operate  about  150000  optical  links. 

A  novel  ribbon  cable  with  12-fiber  ribbons  has  been 
designed  and  tested.  The  present  study  reports  on  the 
mechanical  properties,  radiation  tolerance  for  the  entire 
cable  and  the  individual  ribbons. 

We  also  present  the  inline-technique  for  processing  a  12- 
fiber  ribbon,  i.e.  coloring  and  ribbonizing  in  one  step. 


1.  Introduction 

1.1  Particle  Physics  Experiments  and 
Nuclear  Radiation  Effects 

The  European  Organisation  for  Nuclear  Research,  CERN, 
is  an  Intergovernmental  Organisation  with  19  European 
member  states. 

CERN  has  its  seat  in  the  Canton  of  Geneva  (Switzerland) 
but  its  laboratories  are  located  on  both  sides  of  the  Swiss- 
French  border. 

CERN  is  running  a  number  of  particle  accelerators  the 
largest  being  the  Large  Electron  Positron  Collider  (LEP). 

The  Large  Hadron  Collider  (LHC)  project,  a  large  proton- 
proton  collider  and  superconducting  accelerator  of  27km 
in  circumference,  was  approved  in  1994.  The  LHC  will  be 
the  next  major  research  tool  for  world  particle  physics  and 
it  is  expected  to  be  commissioned  in  2005. 

Experiments  to  exploit  the  new  physics  expected  from  high 
energy  proton-proton  collisions  produced  by  the  Large 
Hadron  Collider  (LHC)  are  currently  being  prepared. 


Figure  1 .  Sketch  of  the  underground  part  of  the  Large  Hadron  Collider  at  CERN, 
and  its  four  experiments:  Alice,  Atlas,  LHC-B  and  CMS. 
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The  main  two  experiments,  ATLAS  and  CMS,  (Fig.  1), 
will  use  a  large  number  of  optical  links  to  transfer  data  off 
the  experiments  to  remote  data  acquisition  electronics, 
both  projects  being  lead  by  independent  development 
teams.  For  example,  the  ATLAS  experiment  will  use 
approximately  25,000  digital  optical  links  based  on  50/125 
multimode  fibers  and  VCSEL  emitters  operating  at  850nm 
[1]. 

The  inner  tracker  of  the  CMS  experiment  alone  has  50,000 
analogue  optical  links  using  single-mode  and  edge 
emitting  lasers  operating  at  1300nm  [2-5].  To  aid 
installation  the  fiber  ribbon  concept  is  being  studied  by 
both  these  experiments. 

A  non-standard  feature  for  the  data-links  is  the  radiation 
environment  in  which  they  must  operate.  The  integrated 
ionizing  dose  is  expected  to  reach  a  few  lOOkGy  in  the 
central  regions  of  the  experiments  after  1 0  years  of  running 
[2]. 

The  CMS  experiment  has  identified  a  standard  un-shifted 
single-mode  fiber,  which  incurs  a  loss  of  0.04  to  0.06dB/m 
at  such  levels  of  radiation.  The  ATLAS  experiment  is 
studying  a  fluorine  doped  50/60/125  step-index  fiber  and 
subsystems  further  from  the  central  region  are  hoping  to 
use  standard  phosphorous -free  multimode  fiber. 

1.2  Ribbon  Cable 

Since  both  experiments  will  use  fiber  optic  cables  with 
similar  environment  and  installation  requirements,  a  new 
cable  has  been  proposed  for  indoor  use  with  an  80mm 
minimum  bending  radius  and  an  outer  diameter  of  9mm 
with  HFFR  sheath  material.  Mechanical  and  environmental 
tests  according  to  IEC-standards  have  been  performed,  as 
well  as  additional  specific  mechanical  and  radiation  tests. 
The  developed  cable  meets  the  required  specifications, 
even  after  exposure  to  aggressive  levels  of  nuclear  and 
ionising  radiation. 


2.  A  Novel  Ribbon  Cable 

A  novel  ribbon  cable  with  eight  12-fiber  ribbons  has  been 
designed  and  tested.  The  12-fiber  ribbon  is  of  the 
encapsulated  type  with  a  thin  outer  layer,  the  ribbon  matrix 

(Fig.  2). 


Figure  2.  A  12-fiber  ribbon 


The  same  ribbon  geometry  is  used  for  the  CMS(single- 
mode)  and  ATLAS(multimode)  detectors. 

The  ribbon  has  been  processed  with  the  inline-technique, 
i.e.  coloring  and  ribbonizing  in  one  step  (Fig.  3).  The 
ribbon  process  is  mature  and  [6]  with  a  professional 
maintenance  program  the  risk  is  minimized  to  obtain  a 
problem  in  the  ribbonizing.  It  is,  however,  a  complex  unit. 
It  is  built  from  different  modules  (coloring  and 
ribbonizing).  It  is  also  possible  to  extend  this  further  to 
make  ribbons  with  higher  fiber  counts  or  more  than  one 
ribbon  at  the  same  time. 

The  cable  (Fig.  4)  is  for  indoor  use  with,  as  already 
mentioned,  an  80  mm  minimum  bending  radius  and  an 
outer  diameter  of  9  mm  with  HFFR  sheath  material. 


Figure  3.  A  12  fiber  in-line  ribbon  machine 
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Figure  4.  Both  the  ribbon  bundle  and  the 
novel  ribbon  cable  are  shown  above 


In  addition  a  simple  ribbon  bundle  with  eight  12-fiber 
ribbons  has  also  been  designed  for  short  distances, 
maximum  eight  meters. 

In  Table  1  we  give  the  single-mode  ribbon  cable 
characteristics. 

Table  1 .  Cable  Characteristics 


Fiber  Specifications 

Mode  field  diameter 

pm 

9.2  ±0.4 

Cladding  diameter 

pm 

125  ±1 

Cladding  non-circularity 

% 

<1 

Mode  field  concentricity 
error 

pm 

<0.5 

Coating  diameter 

pm 

245  ±5 

Transmission  Specifications  -  13 lOnm) 

Attenuation  average  in  the 
cable 

dB/km 

<0.37 

Attenuation  maximum,  single 
fiber 

dB/km 

<0.40 

Zero-dispersion  wavelength 
(dispersion  un-shifted) 

nm 

1300 

1324 

Cut-off  wavelength,  cable, 

Kc 

nm 

1260 

Cable  Specifications  and  Construction 

Sheath  diameter 

mm 

9.5 

Bending  radius,  permanently 
and  during  installation 
(minimum) 

mm 

80 

Tensile  force  permanent 
(maximum) 

N 

80 

Pulling  force  during 
installation  (maximum) 

N 

800 

Crush  resistance  (maximum) 

N 

500 

Cable  net  weight 

kg/km 

75 

3.  Cable  Tests 

3.1  Factory  Tests 

The  present  study  reports  on  the  mechanical  properties, 
radiation  tolerance  and  installation  issues  for  the  entire 
cable  and  the  individual  ribbons. 

The  cable  has  been  tested  according  to  the  international 
standards  IEC  60794-1  and  EN  187  000. 

The  main  factory  test  results  are  presented  below. 

3. 1 . 1  Transmission  performance 

The  attenuation  in  all  fibers  in  both  test  cables  was 
measured  in  the  single  fibre  and  in  the  completed  cable. 

The  manufacturing  process  did  not  significantly  change  the 
fiber  characteristics. 

Fig.  5  shows  typical  results  from  the  temperature  test  over 
the  range  -40  to  +70  °C  on  the  MM-cable. 

The  cable  shows  a  satisfying  behaviour  down  to 
-20 °C,  which  is  adequate  to  the  functional  needs  in  the 
detectors.  The  horizontal  axis  shows  the  temperature 
cycling  order. 


Figure  5.  Temperature  performance  at  the 
wavelength  850nm  of  the  MM-cable  to  the 
Atlas  project 


3.1.2  Tensile  performance 

The  cables  were  tested  up  to  a  tensile  load  of  2  kN.  At  this 
load  no  significant  change  in  attenuation  at  neither  of  the 
measured  wavelengths  was  noted,  see  Fig.  6,  which  shows 
the  test  result  on  the  SM-cable. 

The  fiber  strain  reaches  half  of  the  proof  test  level  at  the 
load  1.1  kN.  This  is  a  strain  that  is  commonly  used  as 
maximum  allowed  fiber  strain  in  a  cable  or  during 
manufacturing  of  a  cable  to  guarantee  the  lifetime  of  the 
cable.  Furthermore,  no  residual  cable  elongation  was 
measured  after  the  test. 
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Figure  6.  Tensile  performance  of  the  Sal¬ 
eable  to  the  CMS  project.  Since  no 
attenuation  increase  can  be  seen  at  neither 
1310  nor  1550nm,  the  values  for  both 
wavelengths  follow  the  x-axis. 

3.1.3  Crush  performance 

No  significant  change  in  attenuation  can  be  seen  in  the 
crush  test,  using  a  plate  with  a  diameter  of  100  mm,  when 
the  cable  is  exposed  to  compressive  loads  up  to  2  kN.  The 
result  from  the  crush  test  of  the  MM- cable  is  shown  in 
Fig.  7  both  850  and  1300nm. 


Figure  7.  The  result  from  the  crush  test  on 
the  MM-cable  for  the  Atlas  project 


3.1.4  Flammability  test 

The  test  was  carried  out  in  accordance  with  IEC  332-3 
category  C. 

Cable  pieces  were  lashed  to  a  ladder.  The  ladder  was 
positioned  vertically  in  a  test  chamber,  see  Fig.  8. 

A  flame  was  applied  for  20  minutes.  After  the  test  the 
charred  portion  was  1.15  meters  which  means  that  the 
cable  passed  the  test  and  is  approved  according  to  the 
standard. 


The  standard  requires  a  charred  portion  less  than  or  equal 
to  2.5  meters. 

3.2  Tests  at  CERN  and  other  facilities 

As  mentioned  earlier  there  are  two  different  projects  at 
Cem  interested  in  the  12-fiber  ribbon  concept.  We  will 
treat  them  here  separately.  The  ATLAS  tests  will  be 
presented  first  followed  by  the  CMS-results. 

3.2.1  ATLAS  cable  tests 

Two  types  of  experiment  were  performed: 

1.  Single  and  Multiple  360°  turn  put  into  cable  in 
bending  plane  at  various  radii. 

2.  Routing  of  cable  under  simulated  installation 
conditions  within  the  ATLAS  detector 

During  both  types  of  test  the  light  transmission  of  the 
fibers  was  monitored  to  assess  excess  loss  caused  by  the 
bending  of  the  cable. 

Light  was  injected  into  the  fiber  from  840nm  VCSEL 
sources  and  was  monitored  using  low  noise  photodiode 
receivers. 

The  stability  of  the  injected  light  was  also  monitored.  The 
measurement  set-up  is  shown  in  Fig.  9.  An  example  of  a 
multi-turn  test  is  shown  in  Fig.  10.  Routing  along  a 
simulated  installed  path  containing  the  same  number  and 
type  of  bends  as  projected  for  the  cable  installed  in  the 
ATLAS  detector  is  shown  in  Fig.  11.  In  addition  to  being 
routed  inside  ATLAS,  it  is  foreseen  that  some  services  will 
require  routing  in  cable  chains  to  allow  the  end-caps  to  be 
withdrawn  during  assembly  and  maintenance.  For  this 
reason  a  test  of  this  movement  was  also  carried  out  as 
shown  in  Fig.  12.  Qualitative  assessment  of  the 
handleability  of  the  cable  was  made  during  the  loss  tests. 


Figure  8.  Flammability  Test 
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Figure  9.  Test  set-up 


Figure  11.  Cable  being  tested  under 
simulated  installed  conditions 

3. 2. 1.1  Single  and  Multiple  turns 

Complete  360°  turns  are  not  realistic  in  terms  of  the  final 
installation,  but  rather  provide  a  worst  case  for  the  cable. 
The  results  can  be  summarised  for  single  turns  as  follows: 

0  No  effect  on  loss  if  Bend  Radius  >100  mm 
0  100  mm  >  Bend  Radius  >  80  mm:  0.2-0.4  dB  loss 

0  Bend  Radius  <  80mm:  0.5- 1.6  dB  loss 


Figure  12.  Cable  routed  in  cable  chain 


Multiple  turns  caused  increased  losses: 

0  2-5  turns  at  Bend  Radius  =  80mm:  up  to  4dB  loss 

observed 

0  Over  long  term  (12  hrs),  bend  radius  85  mm,  steady 
loss  @  1.8dB 

No  loss  was  observed  for  turns  <180°,  the  condition  which 
will  be  encountered  by  cables  installed  within  ATLAS. 

3.2. 1.2  Simulated  routing 

Mechanical  drawings  of  the  proposed  cable  routing  within 
ATLAS  were  used  to  give  both  the  number  and  nature  of 
the  bends  foreseen  in  the  current  detector  layout.  This 
information  was  used  to  route  the  cable  around  a  frame 
with  successive  bends  in  orthogonal  planes,  spaced  more 
aggressively  than  the  proposed  ATLAS  cable  routing.  This 
route  had  no  bends  >90°,  and  no  losses  were  measured  in 
the  fibres.  This  is  in  agreement  with  the  bend  test  results 
described  in  the  section  above.  Futhermore,  in  the  cable  no 
losses  were  observed  when  the  cable  was  mounted  in  the 
cable  chain  and  the  cable  chain  was  allowed  its  full  range 
of  movement.  Handling  the  cable  for  the  purposes  of  these 
tests  did  not  reveal  any  special  precautions  that  need  to  be 
taken  apart  from  making  certain  that  the  ribbon  stack 
exited  the  cable  in  the  correct  orientation.  This  can  be 
addressed  by  the  proper  termination  of  all  ribbons  at  the 
cable  exit,  which  will  be  carried  out  more  carefully  in  the 
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final  system.  No  precautions  were  taken  in  this  regard  for 
these  tests. 


i 


3.2.2  CMS  cable  tests 

With  this  set  of  measurements,  we  wanted  to  better 
understand  how  the  96-fiber  optical  cable  works  under 
extreme  bending  conditions.  The  test  set-up  is  similar  to 
the  ATLAS  experiment,  but  we  now  work  with  single¬ 
mode  fibers  at  1310  nm.  Moreover,  the  ribbons  are  spliced 
together  at  both  ends  of  the  cable  under  test  so  that  light 
meanders  through  all  ribbons  before  being  measured. 

Two  types  of  experiments  were  performed.  In  a  first  step, 
the  cable  attenuation  was  measured  under  torsion,  and 
bend  conditions.  No  significant  change  of  attenuation  was 
observed  when  twisting  the  cable  by  as  much  as  4  tums/m, 
or  winding  it  (1  turn,  8cm  radius).  In  a  second  step,  the 
cable  was  fixed  and  coiled  around  a  25cm  size  wooden 
cube  to  simulate  successive  bends  in  orthogonal  planes.  In 
the  test  illustrated  in  Fig.  13,  90°  turns  (with  8  cm  bend 
radius)  were  imposed  on  the  cable  at  neighbouring  comers 
of  the  cube  but  on  different  faces,  separated  by  9  cm  long 
straight  sections  where  the  cable  was  allowed  to  twist.  The 
cable  attenuation  was  measured  after  each  quarter  of  a 
turn.  No  significant  attenuation  increase  could  be  observed 
even  after  as  many  as  25,  90°  turns  in  orthogonal  planes. 

The  SM  cable  behaviour  was  thus  found  to  be  excellent  at 
1310nm. 

3.2.3  Radiation  tests 

For  the  tests  reported  here  the  multimode  fiber,  50  jam, 
originates  from  Plasma  Optical  Fibres  and  the  un-shifted 
single-mode  fiber  from  Coming. 

It  is  well  established  that  optical  fiber  production 
conditions  [7],  including  the  level  of  phosphorus  doping, 
can  strongly  affect  the  radiation  tolerance  of  a  given  fiber. 
Pure  silica  core  fibers  are  generally  found  to  be  more 
radiation  tolerant  than  doped  silica  examples.  The  level  of 
optical  absorption  measured  in  an  optical  fiber  exposed  to 
radiation  depends  not  only  on  the  total  ionising  dose  (or 
neutron  fluence)  but  also  on  the  dose  rate  (or  neutron 
flux).  The  fiber  types  used  in  these  tests  are  not  pure  silica 
core,  but  phosphorus  free.  The  main  reason  for  not  using 
pure  silica  core  in  the  single-mode  case  is  that 
transmission  is  at  1310  nm  and  the  only  available  pure 
silica  core  fiber  operates  at  1550  nm.  Another  reason  is 
that  the  now  qualified  fiber  is  the  most  common  one  and 
therefore  easy  to  supply  for  the  CMS-experiment.  In  the 
multimode  case  some  links  operate  at  1.6  Gb/s  and 
therefore  require  graded-index  fiber.  For  the  inner  detector 
links  a  pure  silica  core  step-index  fiber  has  been  chosen. 
This  fiber  has  not  been  part  of  the  experiments  reported 
here. 

The  evaluated  multimode  fiber  exhibits  an  induced 
attenuation  of  ~0.1  dB/m  at  800  Gy(Si)  and  2xl013  n(l 
MeV  Si)/cm2  [7].  In  the  single  mode  case,  induced  losses 
of  0.04  to  0.06  dB/m  were  measured  at  100  kGy(Si)  (720 
Gy/hr  dose  rate)  [2]. 


Figure.  13  ’’Worst  case  test”  with  25  cm  cube 

The  mechanical  properties  of  the  cable  did  not  change  after 
neutron  and  gamma  irradiation. 

The  irradiation  facilities  have  been  various  institutes  and 
universities  in  Europe  and  USA. 

4.  Conclusion 

We  have  discussed  a  novel  ribbon  concept  for  an 
application  at  CERN. 

The  most  important  environmental  and  mechanical 
properties  of  the  cable: 

•  Cable  diameter,  9.5  mm 

•  Minimum  bending  radius,  80mm  (90°  bend) 

•  Tensile  strength,  lkN 

•  Fire  resistance,  according  to  IEC  332-3  cat  3. 

•  Radiation  resistance 

When  exposed  to  standard  cable  tests  and  some  worst  case 
situations  the  cable  responds  well.  The  design  is  also  very 
suitable  for  the  extreme  installation  conditions  that  will  be 
applicable  at  CERN. 
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Abstract 

This  paper  summarizes  the  development  of  termination  cable,  which 
contains  few  fibers  or  ribbons. 

There  will  be  various  methods  for  the  optical  fiber  termination  from 
feeder  cable  to  subscriber’s  unit.  For  example,  feeder  cable  may 
exist  in  the  aerial,  underground  or  premise.  Also  subscriber’s  unit  in 
the  outdoor,  indoor  or  individual  computer. 

So  we  have  manufactured  several  types  of  termination  cables  that 
suit  for  each  purpose. 

These  cables  commonly  have  basic  structure  that  thermoplastic 
elastomer  is  directly  jacketed  on  the  optical  fiber. 

We  had  used  thermoplastic  elastomer  such  as  Silicone/Nylon  or 
polyvinyl  chloride  for  fiber  jacketing  material  conventionally.  In  this 
time,  we  have  developed  polyethylene  or  polyolefin  jacketed  optical 
fiber  because  of  the  following  points. 

- Characteristics  of  polyethylene  jacketed  fiber - 

(1)  Stable  transmission  loss  property  in  the  temperature  range  of  “40 
to  +85°C. 

(2)  In  case  of  fire,  no  toxic  halogen  halide  gas  generates;  also  smoke 
and  soot  emission  is  less  than  Nylon  and  PVC. 

(3)  A  viewpoint  of  LCA  (Life  Cycle  Assessment),  total  C02  gas 
emission  can  be  minimized  as  compared  with  conventional  cables. 


In  addition,  we  investigated  and  accomplished  several  requirements, 
being  demanded  in  cases  of  various  cable  installations,  such  as 
flame  retardant  property  (from  horizontal  to  vertical  flaming 
condition)  etc. 

1.  Introduction 

The  construction  of  optical  network  in  user  system,  which  is 
provided  for  each  subscriber,  is  one  of  the  themes  for  the 
multimedia  era.  To  accelerate  this  work,  we  developed  new  and 
low  cost  termination  cables,  which  permit  more  efficient 
installation  work,  higher  network  reliability,  and  less  amounts  of 
the  pollution  emission. 

In  the  points  of  workability  and  reliability,  it  is  desirable  that 
optical  fiber  connection  between  feeder  cable  and  subscriber’s 
termination  unit  is  constituted  by  single  cable. 


To  perfect  this  simple  fiber  distribution,  a  cable  that  can  be 
installed  under  any  conditions  is  necessary. 

This  indoor  /  outdoor  compatible  termination  cable  basis  Ultra 
Violet  ray  curable  resin  (UV)  /  Polyethylene  (PE)  jacketed  fiber 
unit  (Fig.l). 

It  has  an  excellent  temperature  performance  as  shown  in  Figure  3. 
In  the  temperature  range  of  -40  to  +85°C,  UV  /  PE  jacketed  fiber 
has  stable  transmission  loss  property,  although  conventional 
Silicone  (Si)  /  Nylon  (Ny)  jacketed  fiber  (fig.  2)  causes 
transmission  loss  increase  at  -40°C. 

Glass  fiber (/OO . 125mm) 

UV(/O0.25mm) 

PE (/00.9mm) 

Fig.l  Cross-sectional  view  of  UV/PE  Fiber 


Glass  fiber (/OO . 125mm) 

Si (/OO .4mm) 

Ny (/OO . 9mm) 

Fig.2  Cross-sectional  view  of  conventional  Si/Ny  Fiber 


-50  0  50  100 


Tempeiatuie  (•  ) 

Fig.3  Transmission  loss  attenuation  in  Temperature 
condition 
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We  applied  this  simple  structure  to  our  new  termination  cables. 

Figure  4  and  5  show  typical  structures  of  which  we  developed. 

We  call  the  former  as  tight  jacket  type  and  the  latter  as  cord  type. 

We  can  access  the  fiber  by  tearing  the  outer  cable  jacket  along  the 
notch. 

Shown  in  table  1 ,  applications  with  two  single  fibers  or  fiber  ribbon 
are  also  available.  Steel  strength  member  can  be  replaced  by 
dielectric  material  and  jacket  can  be  FRPE  also. 


3 . 0  mm 


Fig.4  Cross-sectional  view  of  tight  jacket  type  cable 


Fig.  6  Cable  installation  model  in  user  system 


In  the  below,  we  describe  several  situations  and  cables  which  suits 
for  particular  demand. 

2. 1.1  Floor  distribution 

Figure  7  illustrates  floor  distribution  model.  In  this  model,  we  can 
use  both  tight  jacket  cable  (Fig.  4)  and  cord  cable  (Fig.  5)  as  floor 
termination  cable. 

Termination  cables  will  be  laid  flat.  And  considering  allowances, 
we  set  the  test  cable  by  60-degrees  from  the  horizon  level  and 
carried  out  flame  performance  test  strictly  followed  by  JIS  C  3005. 


7 . 0  mm 


Fig.  5  Cross-sectional  view  of  cord  type  cable 
Table.1  Applicable  Components 


Tight  jicket 
type 

Coid  type 

Fiber 

One  fber 

> 

> 

Plnalfbeis 

> 

not  tested 

Ribbon 

> 

not  tested 

Tension 

member 

Steelwis 

> 

> 

Djebctrb 

> 

> 

Jacketing 

LDPE 

> 

not  tested 

FRPE 

> 

> 

2.  Cable  Installation  and  Design 

2.1  Installation  Situations 

It  is  necessary  to  customize  the  cable  individually  in  obedience  to 
each  installing  situation. 

Figure  6  illustrates  cable  installation  model  in  user  system. 


Fig.  7  Floor  distribution  model 


2. 1, 2  Indoor  distrib ution 

Figure  8  illustrates  indoor  distribution  model.  Also,  both  tight 
jacket  cable  (Fig.  4)  and  cord  cable  (Fig.  5)  can  be  installed. 

A  cable  may  be  installed  vertical  direction,  attentively.  So  we 
designed  these  cables  to  meet  the  vertical  grade  flame-retardant 
test,  in  accordance  with  JIS  C  3521  or  UL  1586. 


Fig.  8  Indoor  distribution  model 
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2. 1. 3  Outdoor  distribution 

Figure  9  illustrates  outdoor  distribution  model. 

Support  wire  will  be  required  when  the  cable  is  hanged  in  aerial. 

So  we  designed  the  outdoor  cable  to  have  a  self-support  wire  as 
shown  in  figure  10. 

Single  element  cable  can  be  manufactured  by  jacketing  inner 
members  on  line. 

Multi  element  cables  (2c  to  8c)  can  be  manufactured  by  stranding 
the  elements  around  the  messenger  wire. 

Cables  (or  elements)  may  be  placed  into  subscriber’s  housing.  So 
we  investigated  the  jacketing  material  which  satisfies  both 
environmental  reliability  as  outdoor  cable  and  flame  retardancy  as 
indoor  cable. 


Fig.  9  Outdoor  distribution  model 


(lc)  {2  v8c) 

Fig.  10  Self  supported  cable  structure  for  outdoors 

2.2  Jacketing  Materials 

2. 2. 1  Material  Properties 

As  described  in  section  2.1,  jacketing  material  is  required  several 
properties  listed  in  table  3.  We  selected  3  types  of  polyethylene, 
and  succeeded  to  satisfy  each  cable’s  requirement. 


Table.  3  Polyethylene  Material  Properties 


Metal 
hydrates 
fflfer  content 

01 

Ebngatbn 
to  bieak 

Ebngatbn 
change  after 
6000h 

SWOM  agiig 

Low 

temperature 

brfctbness 

Require 

iidoor 

Satisfy  fkn  e  iBtatriant 

100% 

not  request 

.7.10  • 

ment 

Outdooi 

test  after  cabing 

300% 

$0% 

.r30  • 

LDPE 

none 

not  tested 

600% 

90% 

-60  • 

FRPE  fbrlidoor 

h#i 

41 

150% 

not  tested 

-20  • 

FRPE  forOutdoo: 

low 

35 

600% 

90% 

-50  • 

2. 2.2  Life  Cycle  Assessment 

We  had  used  polyvinyl  chloride  (PVC)  for  these  cables  jacket 
conventionally.  PVC  suits  for  all  requirements  referred  in  the 
section  2.2.1. 

Table.  4  show  the  reason  why  we  selected  the  polyethylene  cable 
jacket.  It  is  well  known  that  acid  gas,  smoke  and  soot  emissions 
when  the  cable  is  burnt  can  decrease  by  selecting  the  halogen  free 
material.  We  have  partly  confirmed  our  flame-retardant  cable 
passed  the  3-m  cube  cable  smoke  density  test  (IEC  61034-1,2). 

In  addition,  we  calculated  the  amount  of  total  C02  gas  generation 
amount  in  the  cable  production. 

Total  C02  gas  emission  is  calculated  from  equation  (1). 

C02total=X  M+X/3W  (1) 

Where  a  is  an  each  cabling  materials  own  coefficient  that 
converts  unit  mass  to  C02  gas  emission  amount. 

j8  is  an  each  cabling  processes  own  coefficient  that 
converts  energy  to  C02  gas  emission  amount. 

M  is  a  total  mass  consumption  of  each  cabling  material. 

W  is  a  total  energy  consumption  of  each  cabling  process. 

Calculation  model  cables  are  before  illustrated  figure  4  and  5. 

As  a  result,  C02  gas  is  cut  down  2.8^12.5  percent  by  selecting 
LDPE  or  FRPE  instead  of  PVC. 


Table.  4  Assessment  of  conventional  and  newly 
developed  cable 


ModelCabb 

New  fy  D  eve  toped 

Ccnventmal 

LDPE 

FRPE 

PVC 

Hazards 
Em  bsbn 

Acid  Gas 

— 

none 

none 

HCl 

Smoke  or  soot 

— 

Low 

Very  Low 

High. 

LCA 

totalCO  2  gas 
6/m) 

T^it  picket 

35 

39 

40 

Coid 

--- 

140 

148 

3.  Requirements  and  Test  Results 

3.1  General 

Transmission  loss  and  mechanical  properties  are  commonly 
required  for  each  cable. 

Table  5  and  6  are  test  results  of  our  trial  cables. 

All  mechanical  test  methods  are  based  on  IEC  60794-1-2. 

For  each  test  items,  our  trial  cables  indicate  good  performance. 


Table.  5  Transmission  loss  attenuation 


Test  cabfe 

Attenuatbn  @  1550nm  £3B  /km )  | 

After  Cabliig 

3  tin  es  of  heat  cych 

Structure 

Jackethg 

materhl 

-30  *nax 

+70  *nax 

After  heat 
eye  to 

FRPE 

FRPE 

Tight  £cket 
seif  support 

Sinptox  UV 

LDPE 

Simplex  UV 

FRPE 

2  ftoera 

FRPE 

2 -Cords 

Sinptox  UV 

FRPE 
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Table.  6  Mechanical  Properties 


Isms 

Condibn 

Resuts 

Bending 

R30mm  £80  < 

¥Cabb 
;pckets  were 
not  wounded 
and 

fittenuatbn 
change 
@1550nm 
were  under 

0  ldB 

10  cycles 

Crush 

980N/25mm 

after  1  m  in  pressurized 

Torsbn 

$0  <  lOcycbs 

Squeezing 

R300mm  pulfey 

0  3%  strain  haded 

In  pact 

7  ON  6cm 

RIOmm  haft  rubber 

3.2  Flame  Retardant 

It  is  widely  accepted  that  the  01  of  the  FRPE  and  cross-sectional 
area  of  the  material  greatly  influence  the  flame  retardant 
performance.  So  we  manufactured  several  types  of  cables  and 
tested  from  horizontal  to  vertical  flaming  condition. 

As  a  result,  we  succeed  to  satisfy  every  flaming  condition  by 
selecting  suitable  FRPE’s  01  and  cable  dimensions  (Figure  1 1). 


FRPE’s  cross  sectional  area  in  cable  (mm2) 

Fig.  11  Flame  retardant  test  results 


3.3  Fiber  Access  in  Extreme  Condition 

Generally  speaking,  jacket  material  stiffens  in  low  temperature. 

In  that  condition,  conventional  cable  jacket  tearing  work  to  access 
the  fiber  becomes  difficult. 

This  problem  is  solved  in  newly  developed  cable,  because  the 
modulus  of  polyethylene  is  less  than  PVC  in  low  temperature  as 
shown  in  table  7. 


Table  7  Jacket  tearing  test  result  at  -30°C 


2 5% modulus  MPa) 

Jacket  tearing  test 

to 

o 

• 

-30  • 

20  • 

-30  • 

PVC 

120 

2250 

good 

fenfed 

LDPE 

140 

720 

good 

good 

FRPE 

134 

650 

good 

good 

3.4  Marking  Durability 

For  the  multi  element  cables  (fig.  10),  each  element  must  be 
identified.  So  we  printed  ID  number  on  each  element  by  marking 
and  evaluated  its  durability. 

Test  items  and  results  are  shown  in  Table  8. 

In  this  point,  polyethylene  is  inferior  to  PVC,  but  we  contrived 
durable  ink-jet  marking  on  a  polyethylene  jacket  by  suitable  ink 
selection  and  surface  treatment  before  marking. 


Table  8.  Marking  Durability  Test  Result 


Jacket 

Surface 

treatment 

Print  ink 

Evaluation  of  D  uzabftty  | 

Environmental 

M  echanral 

SWOM  Xe- 
Lamp  2000h 

EC  60794-1-2 

method  2 

4  9N/cm  100cyc 

LDPE 

none 

fc) 

good 

elm  bated 

none 

B) 

ebninated 

elminated 

corona  discharge 

good 

gocd 

PVC 

none 

(h) 

good 

9=od 

none 

<B) 

good 

good 

4.  Conclusions 

We  have  developed  halogen  free  termination  cables,  of  which 
basic  structure  is  based  Polyethylene  Directly  Jacketed  Optical 
Fiber  and  started  for  sale  in  July  1999.  Those  cables  meet  the 
general  requirements  based  on  IEC  60794-1-2.  Also  we 
accomplished  to  meet  the  requirements  for  Indoor/Outdoor 
installation,  respectively. 
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Abstract 

The  car  industry  in  Germany  is  going  to  use  Plastic  Optical  Fibers 
(“POF”)  for  different  applications,  e.g.  in  data  links  of  mobile 
systems  [1].  Due  to  the  harsh  environment  of  mobile  systems 
POF  tight  buffers  have  a  lot  of  advantages.  Thus  we  carried  out  a 
lot  of  type  appraisal  testing  on  POF  tight  buffers,  which  are  used 
to  interconnect  all  network  devices  inside  a  car.  As  an  aspect  of 
the  available  power  budget  calculation,  the  long  term  behavior  of 
POF  with  special  respect  to  attenuation  is  under  intense 
investigation.  The  aging  at  85  °C  with  a  high  humidity  has  been 
found  as  a  critical  test. 

Keywords 

Plastic  Optical  Fiber;  aging,  automotive  applications. 

1.  Introduction 

Plastic  Optical  Fibers  (“POF”)  may  be  used  in  various 
applications  and  environments.  If  the  relatively  high  attenuation 
compared  to  glass  fiber  is  acceptable  the  POF  may  perform  in  a 
lot  of  areas.  One  arising  field  is  the  use  in  automotive  industry. 
Plastic  Optical  Fibers  are  more  and  more  challenging  copper  data 
cables  because  of  lower  weight,  no  electromagnetic  interference, 
and  good  handling.  In  a  car  the  POF  product  must  face  a  lot  of 
different  requirements.  The  product  has  to  serve  as  long  as  the 
expected  lifetime  of  a  car,  used  thousands  of  miles.,  no  matter 
what  outside  temperature,  humidity,  UV  light,  vibrations,  shocks, 
will  impact  the  car  and  its  components.  Therefore  a  plastic  fiber 
has  to  be  protected.  Several  materials  are  commonly  used  and 
some  are  more  suitable  for  car  environment  than  others.  We  see 
Polyethylene,  PVC,  FRPE,  and  PA  buffered  plastic  fibers.  For  a 
car  Polyamide  is  preferred  for  several  reasons.  An  inner  black 
sheath  may  protect  the  fiber  from  stray  light. 

Fiber 
PA  black 
PA  yellow 

Figure  1.  Tight  buffer  design 


Table  1.  Some  of  available  POF  products  - 
descriptions: 


Category 

Buffer 

material 

Jacket  Material 

Automotive 

Polyamide 

Industrial  wire 

Polyamide 

Industrial 

Simplex  or  Duplex  cable 

Polyamide 

Polyurethane 

Industrial  MIC 
(stranded) 

Polyamide 

Polyurethane 

Industrial  OFNR  cable 
(UL  1651) 

PVC 

PVC 

Commodities 

PE  or  PVC 

PVC 

2.  POF  Tight  Buffer  -  Basic  Features 

Table  2.  Comparison  of  different  fiber  types 


POF 

PCF 

MMF  62.5 

fiber  type 

step-index 

step-index 

graded  -index 

0  core/cladding 
pm 

980/1000 

200/230 

62.5/125 

numeric  aperture 

0.5 

0.37 

0.275 

@  650  nm 

160 

10  (*) 

- 

@  850  nm 

8(*) 

<3.1(*) 

@1300  nm 

- 

- 

<  0.8  (*) 

@1550  nm 

- 

- 

- 

typical  wave 
length 

650 ...  670 

660/850 

850/1300 

BW  @  660  nm 

10 

>  17 

- 

BW  @  850  nm 

- 

>20 

>200 

BW@  1300  nm 

- 

- 

>600 

(*)  =  cabled  values 


The  Plastic  Optical  Fiber  consists  of  a  PMMA  core  surrounded  by 
a  Fluoropolymere  cladding. 
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3.  Basic  Measurement  Equipment 

3.1  Spectral  Attenuation  Bench 

Due  to  the  big  core  diameter  and  the  step-index  profile  a  special 
measurement  technique  is  required  for  the  POF  [5]. 
In  principle  the  cut-back  method  (JIS  C  6863)  is  used. 
The  launching  conditions  are  controlled  by  using  a  fiber  optic 
cross  section  converter  between  the  monochrometer  and  the  fiber 
under  test.  One  fiber  end  is  wound  on  a  mode  mixer.  The  other 
fiber  end  is  fixed  in  a  integrating  sphere.  The  signal  is  detected  by 
a  sensor  located  at  the  integrating  sphere.  With  a  lock  in 
technique  the  signal  noise  level  is  optimized.  The  spectral 
attenuation  curve  is  generated  by  a  PC. 

3.2  Insertion  Loss  Measurement  Systems 

a.  For  our  first  measurements  a  simple  configuration 
(LED  -  Test  length  -  detector)  was  used. 

b.  A  laser  emitting  at  657nm  is  used  as  a  transmitter.  A  multimode 
fiber  links  the  laser  to  the  FSMA  connector.  A  mode  mixer  and 
pre-length  were  used  to  supply  a  steady  state  condition  for  the 
Plastic  Optical  Fiber.  To  measure  several  fibers  parallel  a  1/7 
coupler  with  one  reference  channel  is  used.  For  the  POF  with  an 
NA  =  0.5  the  detector  should  be  big  enough.  One  detector  for 
each  fiber  is  used. 

4.  Type  Tests  for  Automotive 
Applications 

a.  In  appraisal  testing  we  found  the  following 
typical  values  for  a  change  of  attenuation  of  0, 1  dB 

•  one  40  mm  free  bend  diameter 

•  20  twists  per  meter 

•  a  tensile  force  at  yield  strain  (e.g.  60N) 

•  a  crush  performance  at  1 000N/ 1 0cm 

•  a  1000  h  resistance  against  oil 

•  100  h  resistance  against  defroster 

b.  The  aging  test  at  85  °C  with  high  humidity  shows  a  critical 

behavior,  because  of  the  steady  increase  of  attenuation. 
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5.  Aging  Mechanism 

5.1.  Cladding  material 

Fluoropolymers  are  typical  claddings  used  for  PMMA  core  fibers. 
The  cladding  materials  can  be  divided  up  in  two  major  classes, 
namely  Polyfluoroolefins  and  Polyfluoroacrylates.  While  the  first 
group  is  limited  to  applications  up  to  80°C,  the  second  group 
allows  installations  in  areas  with  temperatures  up 
to  105  °C.  This  seems  to  be  remarkable  because  the  degradation 
temperatures  are  expected  much  higher.  The  main  cause  for  the 
loss  increase  of  the  Polyfluoroolefins  is  the  morphology  of  these 
materials.  The  olefins  are  semi-crystalline  and  therefore  sensitive 
to  recrystallization  processes.  In  this  case  the  attenuation  loss 
increases  over  the  complete  visible  wavelength  window.  The  blue 
light  is  more  affect  than  the  red  one  due  to  scattering  effects  at  the 
crystalline  regions. 

Compared  to  that  the  acrylates  are  said  to  be  completely 
amorphous  and  therefore  robust  against  recrystallization  processes 
up  to  105°C.  Because  of  the  thermal  requirements  (max.  =  85°C) 
Polyfluoroacrylates  claddings  are  in  use  for  automotive 
applications. 


5.2.  Core  material 

Being  a  polar  material  with  hydrophilic  functional  groups  PMMA 
shows  aging  effects  due  to  hydrolysis  under  high  humidity  or 
water  soak  conditions.  Analysis  of  fission  products  resulting  by 
storage  of  PMMA  in  boiling  water  for  few  days  shows  e.g. 
Methacrylic  acid  and  Methylalcohol  among  other  degradations 
products.  Due  to  aging  the  optical  performance  between  450  and 
500nm  is  worse  than  between  640  and  670nm  (actual  optical 
window). The  aging  effects  start  at  a  certain  temperature  and  is 
driven  by  a  relative  humidity. 

6.  Aging  Results 

6.1.  Tests  performed  at  +60°C 


Figure  3.  Aging  of  two  fiber  types 


After  storage  at  high  humidity  and  return  to  dry  air 
(about  10%  r.h.)  the  attenuation  change  went  back  to  zero. 


Figure  2.  Aging  of  tube  A 
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time  [h] 

Figure  4.  Aging  of  two  tight  buffer  tubes 

6.2.  Tests  results  at  85°C/85%  r.h. 

The  same  POF  is  used  for  both  tight  buffer  tubes.  Within  the 
measurement  uncertainty  no  attenuation  slope  between  500  h  and 
3000  h  can  be  seen. 

6.3.  Tests  results  for  various  humidity  levels 


0  168  336  504  672 


time  [h] 

Figure  5.  Aging  of  fiber  A  at  84°C 

After  the  test  no  residual  attenuation  change  occurred. 


0  168  336  504  672 


time  [h] 

Figure  6.  Aging  of  fiber  “A”  higher  than  84°C 


After  this  test  a  residual  attenuation  change  at  657nm  occurred, 
therefore  a  spectral  attenuation  measurement  was  performed.  We 
estimate  that  the  aging  process  starts  between  85°C/85%  r.h.  and 
86°C/99%  r.h.,  because  of  the  slope  in  attenuation  change  at  86°C 
and  96%  r.h.  or  higher. 


450  500  550  600  650  700 


Wavelength  [nm] 

Figure  7.  Fiber  before  and  after  the  test  mentioned 
in  figure  6 

The  residual  attenuation  change  between  450nm  and  600nm  is  much 
higher  than  the  one  at  657nm.  The  optical  window  around  650nm 
seems  to  be  the  best  for  automotive  applications. 
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Figure  8.  Temperature  cycle  under  certain 
humidity  levels 

6.4.  Day  -  Night  Shift  at  a  High  Humidity  Climate 

Started  with  a  temperature  of  85°C/11%  r.h.  a  temperature 
cycle  with  95%  r.h.  was  performed. 

6.5.  POF  properties  under  humidity  conditions 

At  a  certain  point  the  degradation  of  the  POF  core  will  start.  While 
85°C/85%  r.h.  for  3000  h  seems  to  be  tolerated.  Further  statistic 
investigations  are  necessary  to  constrict  the  critical  humidity 
conditions  and  to  determine  the  product  properties. 


International  Wire  &  Cable  Symposium 


36 


Proceedings  of  the  49th 


7.  Conclusions 

•  The  attenuation  change  measurement  in  the  650nm  window 
is  a  good  indicator  for  the  degradation  of  the  POF. 

•  The  hydrolysis  starts  at  a  certain  temperature,  depending  on 
the  activation  energy  of  the  chemical  reaction. 

•  The  slope  of  resulting  attenuation  curve  vs.  time  strongly 
depends  on  aging. 

•  This  slope  is  a  function  of  relative  humidity  at  >  85°C. 

•  The  transmission  window  around  650nm  shows  the  best 
aging  resistance. 
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Abstract 

Optical  fiber  with  a  chromatic  dispersion  value  of  8  ps/nm/km  at 
1550nm  is  a  good  compromise  for  transmission  systems  working  at 
Terabit/s  rate.  Such  a  value  is  sufficiently  high  to  avoid  Non  Zero 
Dispersion  Shifted  Fibers  (NZDSF)  limitations  and  sufficiently  low 
to  avoid  Single  Mode  Fibers  (SMF)  ones.  Moreover,  it  allows  an 
interesting  trade-off  between  the  chromatic  dispersion  slope  and  the 
effective  area.  Fiber  with  optimized  propagation  characteristics  has 
been  realized.  This  fiber,  called  TeraLight™,  has  been  used  in  a  1.5 
Tb/s  system  (150  Channel  at  lOGb/s  in  both  C  and  L  band  with  a 
50GHz  channel  interspacing)  and  in  a  1.28  Tb/s  system  (32 
Channel  at  40Gb/s).  It  is  adapted  for  a  use  in  the  S  wavelength 
band. 

Keywords 

Optical  Fiber;  Guided  Propagation;  Chromatic  Dispersion;  Fiber 
Design. 

1.  Introduction 

Terabit  transmission  systems  through  optical  fiber  are  about  to 
become  a  reality.  With  an  intensive  occupancy  rate  of  the  C+L 
bands,  between  around  1530  and  1610  nm,  transmission  capacities 
as  high  as  3Tb/s  have  been  obtained  [1].  Even  higher  capacities 
could  be  reached  with  the  use  of  enhanced  C  and  L  bands  and  with 
the  opening  of  a  short  wavelength  band,  S,  typically  between  1450 
and  1500  nm. 

The  choice  of  the  most  suitable  transmission  fiber  to  meet  high 
capacity  and  upgradability  requirements  of  Dense  Wavelength 
Division  Multiplexed  (DWDM)  transmissions  is  one  of  the  main 
issues  in  optical  transmission  systems.  Dispersion  Shifted  Fibre 
(DSF)  exhibits  a  too  low  dispersion  that  enhances  the  impact  of 
cross-nonlinearities  and  mainly  Four  Wave  Mixing  (FWM). 
Standard  Single  Mode  Fibre  (SMF),  with  its  large  17  ps/nm/km 
dispersion  value  in  the  1550  nm  window,  is  more  suitable  for 
DWDM  transmissions  as  the  large  dispersion  reduces  drastically  the 
impact  of  cross-nonlinearities  [2].  Nevertheless,  at  10  Gbit/s  per 
channel  and  above,  over  terrestrial  transmission  distances  (typically 
500  km),  such  a  fiber  requires  dispersion  compensation.  Dispersion 
Compensating  Fiber  (DCF)  can  be  used  for  this  purpose  but  it 


impacts  both  on  the  system  cost  and,  due  to  its  large  attenuation,  on 
the  Signal-to-Noise  Ratio  (SNR)  at  the  end  of  the  transmission. 
There  must  be  a  trade-off  in  terms  of  chromatic  dispersion  between 
DSF  and  SMF,  which  will  minimize  the  required  amount  of 
dispersion  compensation  while  still  providing  an  efficient  cross¬ 
nonlinearities  reduction.  First  generation  Non  Zero  Dispersion 
Shifted  Fibers  (NZDSF)  were  expected  to  meet  the  requirements, 
but  their  local  dispersion  is  still  too  low  and  cross  non-linear  effects 
are  still  damaging  at  the  channel  spacing  considered  today  [3-4].  A 
solution  to  decrease  these  cross-nonlinear  impairments  is  to  increase 
the  effective  area  of  the  NZDSF.  In  fact,  such  a  Large  Effective  Area 
NZDSF  (LEA-NZDSF)  has  already  shown  good  transmission 
performance  [5],  but  this  has  been  done  at  the  expense  of  a  high 
chromatic  dispersion  slope. 

A  new  transmission  fiber,  optimized  for  present  and  future 
needs,  seems  to  be  an  important  challenge.  For  such  an 
optimization,  careful  analysis  of  system  requirements  as  well  as  a 
good  knowledge  of  fiber  design  capabilities  is  needed.  In  this  paper, 
we  first  present  a  detailed  analysis  of  system  requirements  for 
transmission  fiber  in  the  case  of  DWDM  high-bit-rate  transmission. 
We  then  present  extensive  design  results  to  find  best-suited  index 
profiles  when  system  consideration  is  taken  into  account. 

2.  System  Requirements 

The  aim  of  this  part  is  to  focus  on  the  value  of  the  local 
dispersion  of  the  transmission  fiber  to  find  out  its  optimal  value. 
This  is  done  by  numerically  varying  the  dispersion  and  optimizing 
in  each  case  the  dispersion  management.  Dispersion  management 
must  indeed  be  carried  out  carefully  considering  its  critical 
importance  on  transmission  performance  [6]. 

2.1  Simulation  parameters 

The  simulated  transmission  link  is  reported  on  Fig.  1.  At  the 
transmitter  side,  thirty-two  randomly  decorrelated  channels,  100 
GHz  spaced,  modulated  at  10  Gbit/s  with  a  Non-Return  to  Zero 
(NRZ)  modulation  format,  are  generated  with  wavelength  ranging 
from  1535.04  nm  to  1559.78  nm  that  fall  within  the  ITU-T 
recommended  grid. 
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The  transmission  line  consists  of  five  100  km-long  spans  of 
transmission  fiber,  whose  chromatic  dispersion  is  to  be  optimized, 
and  of  6  dual-stage  optical  amplifiers.  Such  an  architecture  allows  to 
insert  dispersion  compensation  between  the  two  stages  with  reduced 
impact  on  the  Noise  Figure  (NF)  of  the  total  amplifier.  In  our 
simulations,  the  power  per  channel  at  the  output  of  the  amplifiers  is 
set  to  5  dBm.  Their  noise  is  taken  into  account  by  an  accurate  model 
that  calculates  the  impact  of  the  internal  loss  due  to  the  dispersion 
compensation  on  the  total  NF.  As  an  example,  when  internal  loss  is 
set  to  0  dB,  the  NF  of  the  amplifier  is  5  dB,  and  when  the  loss  is  1 1 
dB  (which  corresponds  to  the  DCF  needed  to  compensate  exactly 
for  100  km  of  SMF),  the  NF  is  6.5  dB.  At  the  end  of  the 
transmission,  the  receiver  power  sensitivity  is  evaluated  for  a  Bit 
Error  Rate  (BER)  of  10' 10  and  compared  to  the  sensitivity  without 
transmission  to  obtain  the  transmission  penalty.  Characteristics  of 
DCF  correspond  to  commercially  available  data  :  dispersion  at 
1550  nm  is  -80  ps/nm/km,  dispersion  slope  is  -0.12  ps/nm2/km,  and 
attenuation  is  0.6dB/km.  Concerning  the  transmission  fiber,  its  zero 
dispersion  wavelength  is  varied  from  1300  nm  to  1550  nm,  by  50 
nm  steps,  which  corresponds  to  dispersion  values  at  1550  nm 
ranging  from  0  to  17.5  ps/nm/km  by  3.5  ps/nm/km  steps.  In  each 
case,  the  dispersion  management  of  the  link  is  optimized  by 
considering  in  line  90%  span  dispersion  compensation  according  to 
[7]  and  optimizing  the  amount  of  pre  and  post-compensation  by  200 
ps/nm  steps.  Then,  to  only  focus  on  the  impact  of  the  dispersion  of 
the  transmission  fiber,  the  dispersion  slope  is  set  to  0.07  ps/nm2/km 
and  the  effective  area  to  a  constant  50  pm2,  whatever  the  dispersion. 
To  finish,  note  that  the  span  budget  is  a  large  28  dB  to  comply  with 
field  requirements. 
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Simulated  transmission  Setup. 

2.2  Results  and  discussion 

Dispersion  management  is  optimized  for  each  chromatic 
dispersion  of  the  fiber  by  selecting  a  value  of  pre-compensation 
between  -100%  and  100%  of  the  cumulated  dispersion  of  one 
fiber  span,  and  sweeping  the  value  of  the  post-compensation  from 
-2000  ps/nm  to  2000  ps/nm  by  200  ps/nm  steps.  In  each  case  the 
sensitivity  penalties  for  a  10'10  BER  are  calculated  for  the  32 
channels,  as  well  as  the  mean  penalty  and  the  difference  between 
the  best  and  the  worst  channel  sensitivities.  We  choose  as  the  best 
map  the  one  that  leads  to  both  the  lowest  mean  penalty  and  the 
lowest  difference  between  the  best  and  the  worst  channel 


sensitivities.  The  results  are  reported  on  Fig.  2  for  a  dispersion  of 
17.5  (2a),  7  (2b)  and  3.5  ps/nm/km  (2c).  The  optimal  dispersion 
map  is  reported  in  each  case,  plotting  the  cumulated  dispersion  for 
channel  1  (dashed)  and  channel  32  (full)  as  a  function  of  the 
distance.  The  corresponding  sensitivity  penalties  for  a  BER  of 
10’10  are  plotted  for  each  of  the  32  channels.  Note  that  when 
dispersion  is  zero,  error  floors  are  obtained  due  to  the  FWM.  The 
mean  penalty  and  the  difference  between  the  best  and  the  worst 
channel  sensitivities  decrease  as  dispersion  increases,  as  expected 
[2],  because  of  the  lower  impact  of  cross  nonlinear  effects. 


(2  a)  1 7  ps/nm/km 


(2c)  3.5ps/nm/km 


Figure  2.  Best  maps  obtained  after  dispersion 
management  optimisation  and  corresponding 
channel  penalties  for  a  10 10  BER,  for  various  values 
of  fibre  dispersion  at  1550  nm. 

To  see  more  clearly  the  evolution  of  the  penalty  as  a 
function  of  the  chromatic  dispersion  of  the  fiber,  we  have  plotted  on 
Fig.  3  the  best,  the  worst  and  the  mean  penalties  for  the  32  channels 
as  a  function  of  the  fiber  dispersion.  Once  again,  the  benefic  impact 
of  high  local  dispersion  to  suppress  cross-nonlinear  effects  can  be 
observed  on  Fig.  3.  If  we  only  consider  the  mean  penalty,  we  can 
see  on  Fig.  3  that  a  minimum  is  reached  for  14  ps/nm/km  and  that 
above  this  value  it  increases  again  because  of  the  SNR  degradation 
due  to  compensation  modules.  Nevertheless,  a  chromatic  dispersion 
of  7  ps/nm/km  looks  like  a  threshold  value:  while  worst  sensitivity 
penalties  remain  below  2.5  dB  for  dispersion  values  above  7 
ps/nm/km  they  dramatically  increase  for  dispersion  values  below  7 
ps/nm/km.  Consequently,  7  ps/nm/km  is  the  lowest  value  to 
guarantee  an  efficient  suppression  of  cross-nonlinearities.  This  value 
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of  dispersion  is  an  interesting  choice  for  various  reasons.  First,  the 
amount  of  needed  DCF  is  more  than  twice  as  low  as  for  SMF,  which 
reduces  both  the  compensation  loss  and  cost.  Second,  other  optical 
elements  such  as  optical  add-and-drop  multiplexers  can  then  be 
inserted  inside  the  dual-stage  amplifiers  of  the  link  while  keeping 
the  inter-stage  loss  to  an  acceptable  level.  Third,  the  reduced  length 
of  DCF  also  leads  to  reduced  polarization  mode  dispersion  in  the 
link,  which  is  of  crucial  importance  at  high  bit-rate. 


Fiber  chromatic  dispersion  (ps/nm/km)  @  1550  nm 


Figure  3.  Results  obtained  as  a  function  of  fibre 
chromatic  dispersion.  The  effective  area  is  a 
constant  50  jim2. 

In  summary,  we  demonstrate  here  that  there  is  a  good  trade-off 
around  7-8  ps/nm/km  for  the  chromatic  dispersion  of  the 
transmission  fiber.  Such  a  dispersion  guarantees  an  efficient 
suppression  of  cross-nonlinearities  in  DWDM  systems  while 
strongly  reducing  the  DCF  length  needed  in  the  compensation 
architecture  of  the  link. 

3.  Fiber  Design 

Which  fiber  propagation  characteristics  would  be  obtained 
for  a  8  ps/nm/km  chromatic  dispersion  requirements  in  the  1550 
nm  window?  We  will  here  study  fiber  refractive  index  designs 
with  such  a  chromatic  dispersion  value  and  compare  this  new 
family  to  the  preceding  ones. 

3.1  Key  propagation  characteristics 

Chromatic  dispersion  is  not  the  only  parameter  to  be 
considered  when  designing  fiber  refractive-index  profile.  First,  the 
flattest  variation  of  the  chromatic  dispersion  is  required. 
Chromatic  dispersion  slope  at  1.55pm,  C\  which  is  the  derivative 
of  chromatic  dispersion  with  wavelength  needs  to  be  minimized 
for  a  more  efficient  dispersion  management  over  the  amplifying 
bands.  The  second  propagation  characteristic  (at  1.55pm)  to  take 
into  account  is  the  Effective  Area,  Aeff.  Effective  area  is  a  key 
parameter  in  describing  optical  non-linearities  and  a  large 
effective  area  is  an  efficient  way  to  reduce  non-linear  effects  [8]. 
Fiber  refractive-index  needs  also  to  ensure  good  behavior  of  the 
fiber  in  cable.  We  consider  three  following  parameters  at 
1.55  pm:  bending  and  microbending  losses  which  need  to  be 
minimized  and  cutoff  wavelength  which  needs  to  ensure  a  single 


mode  behavior  of  the  fiber  in  the  operating  channels  wavelength. 
Last  but  not  least,  fiber  loss  needs  to  be  equivalent  to  preceding 
generations,  that  is  around  0.2  dB/km  in  the  1550  nm  window. 

To  compute  all  these  parameters,  we  use  a  program  that 
solves  the  scalar  wave  equation  for  arbitrary  index  profiles  and 
wavelength,  using  Sellmeier  formula  for  ^.-dependence  of  silica, 
germanium-  and  fluorine-doped  silica  refractive  index  [9,10]. 
Once  the  propagation  constant  (or  effective  index)  and 
fundamental  mode  field  distribution  is  known,  we  can  compute  : 
mode  field  diameters  Petermann  1  and  2  and  effective  area  A^; 
chromatic  dispersion  C  and  chromatic  dispersion  slope  C\  We 
can  also  compute  bending  loss  for  any  radius  using  the  radiation 
model  of  ref.  [11]  and  a  microbending  sensitivity  parameter  Spc 
that  we  defined  according  to  ref.  [12].  At  last,  we  also  look  at  the 
tolerance  of  propagation  characteristics  to  small  fiber-parameter 
deviations.  Small  changes  in  propagation  characteristics  with 
changes  in  core  radius  and  core-cladding  refractive  index  will 
insure  a  good  control  and  a  good  reproducibility  of  chromatic 
dispersion  during  the  manufacture  process. 

3.2  Results  and  discussion 

Optimizing  both  key  parameters,  dispersion  slope  C’ 
and  effective  area  Aeff  together  with  low  loss,  and  good  cabling 
behavior  is  difficult  to  achieve,  as  high  effective  areas  are  usually 
associated  with  high  dispersion  slope  [13]. 

As  a  reference,  we  first  studied  simple  step-index  design.  As 
expected,  step  design  is  interesting  for  high  chromatic  dispersion 
values  and  results  in  too  small  effective  area  when  chromatic 
dispersion  is  below  10  ps/nm/km.  We  then  focused  on  the  well 
known  trapezoid+ring  profile  shape  (Figure  4),  which  presents 
more  manageable  trade-off  between  effective  area  and  slope 
values  and  which  presents  the  technical  advantage  of  a  well- 
controlled  process  with  loss  level  equivalent  to  that  of  SMF. 


Figure  4.  Representation  of  the  trapezoid+ring 
refractive  index  profile  shape. 

This  type  of  profile  has  6  adjustable  parameters  :  height  of 
central  trapezoid  and  ring,  width  and  position  of  ring,  trapezoid 
shape  and  radius.  All  these  parameters  are  scanned  to  find  the 
family  of  index  profiles  leading  to  set  chromatic  dispersion  values 
C0,  that  is  0  to  16  ps/nm/km  by  4  ps/nm/km  step. 
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In  a  given  family,  we  first  study  the  influence  of  bending  loss 
and  cutoff  wavelength.  These  two  parameters  have  a  dramatic 
influence  on  possible  effective  area  and  dispersion  slope  values. 
This  is  illustrated  on  Fig.  5  for  chromatic  dispersion  C0  set  to 
8ps/nm/km.  Each  curve  of  Fig.  5  represents  the  smallest  available 
dispersion  slope  as  a  function  of  effective  area  but  for  several 
given  bending  loss  values.  Those  curves  allow  us  to  follow 
exactly  how  the  slope  changes  as  effective  area  and  bending  loss 
values  are  increasing.  It  is  clear  that  the  higher  the  bending  loss 
level,  the  smaller  the  dispersion  slopes  are.  But  too  large  bending 
loss  will  lead  to  poor  capability.  The  impact  of  cutoff  wavelength 
is  quite  similar  to  that  of  bending  loss,  that  is  the  higher  the  cutoff 
wavelength,  the  smaller  the  slope.  But  cutoff  value  is  also  limited 
to  ensure  single  mode  behavior  in  cable.  So  optimum  bending  loss 
and  cutoff  wavelength  values  have  to  be  carefully  chosen  to  allow 
the  best  trade-off  between  effective  area  and  slope,  together  with  a 
good  behavior  in  cable. 


Figure  5.  Chromatic  dispersion  slope  as  a  function 
of  effective  area  obtained  for  a  chromatic 
dispersion,  C,  of  8  ps/nm/km  and  constant  Xc. 

Once  optimum  bending  loss  and  cut-off  wavelength  values  are 
chosen  to  ensure  a  good  behavior  in  cable,  we  now  study  the 
impact  of  chromatic  dispersion  value  on  the  trade-off  between 
effective  area  and  slope.  This  is  illustrated  by  the  curves  of  Figure 
6,  which  shows  how  dispersion  slope  is  limited  by  effective  area 
for  different  chromatic  dispersion  values. 

The  curves  of  Fig.  6  show  several  key  features.  It  first 
appears  that  increasing  the  chromatic  dispersion  values  allows  a 
better  trade-off  between  effective  area  and  slope.  For  example, 
changing  chromatic  dispersion  from  4  to  8  ps/nm/km  allows  an 
effective  area  increase  of  about  7  pm2,  when  the  slope  C’  is 
around  0.06  ps/nm2/km.  The  chromatic  dispersion  slope  also 
decreases  from  0.07  to  0.058ps/nm2/km,  when  effective  area  A^ 
is  around  65  jam2. 

The  improvement  of  the  trade-off  between  effective  area  and 
slope  is  noteworthy  in  the  large  effective  area  domain.  Indeed,  as 
shown  in  Fig.  6,  the  variation  of  C’  with  decreases  when  the 
chromatic  dispersion  increases.  For  an  effective  area  of  80  pm2, 


changing  chromatic  dispersion  from  4  to  8  ps/nm/km  allows  a 
chromatic  dispersion  slope  decrease  of  0.022  ps/nm2/km,  from 
0.102  to  0.080  ps/nm2/km.  Chromatic  dispersion  values  over 
8  ps/nm/km  conduct  to  more  interesting  trade-off  between 
effective  area  and  slope,  but  we  remind  that  in  this  case  system 
design  is  no  longer  optimized  due  to  DCF  in  the  compensation 
architecture  of  the  link. 


0.13 

0.12 

|  0.11 

j  0.1 

</> 

B  0.09 

I  0.08 

in 

£  0.07 
<§> 

-0  0.06 
0.05 
0.04 


40  50  60  70  80  90  100  110  120  130  140 

Effective  area  @1550nm,  Agft  (pm2) 


Figure  6.  Chromatic  dispersion  slope  as  a  function 
of  effective  area  for  a  set  of  chromatic  dispersion 
Targets  (0,  4,  8,  12  and  16  ps/nm/km),  constant  Xc 
and  bending  loss  @1550  nm  (ensuring  production 
of  fibers  with  a  good  behavior  in  cable). 

We  now  focus  on  solutions  with  an  effective  area  of  about 
70  pm2,  which  is  a  good  trade-off  to  reduce  fiber  nonlinearities 
while  maintaining  a  reasonable  chromatic  dispersion  slope.  Figure 
7  shows  the  chromatic  dispersion  slope  as  a  function  of  the 
chromatic  dispersion  for  an  effective  area  of  65  pm2.  It  illustrates 
the  huge  impact  of  chromatic  dispersion.  Indeed,  attractive 
chromatic  dispersion  slopes  lower  than  0.06  ps/nm2/km  are 
obtained  for  chromatic  dispersion  values  over  7  ps/nm/km. 

A  chromatic  dispersion  value  of  8  ps/nm/km  is  then  a  good 
compromise  from  a  fiber  design  point  of  view. 


4.  Experimental  Validation 

A  novel  type  of  fiber,  with  local  dispersion  around  7-8 
ps/nm/km  and  effective  area  around  65  pm2,  was  designed  after 
these  numerical  results.  Fiber  results  are  in  very  good  agreement 
with  our  numerical  predictions.  Microbending  loss  is  comparable 
to  that  of  standard  fibers  and  cable  trials  have  shown  a  very  good 
behavior. 

The  efficient  suppression  of  cross-nonlinear  effects  was 
confirmed  in  a  record  transmission  experiment  of  150  channels  at 
10  Gbit/s  over  400  km  [14].  BER  as  low  as  10'15  have  been 
achieved  with  channel  spacing  as  low  as  50  GHz.  A  transmission 
of  32  channels  at  40  Gbit/s  over  300  km  has  also  been 
demonstrated  [15]. 
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C  @1550nm  (ps/nm/km) 

Figure  7.  Chromatic  dispersion  slope  as  a  function 
of  chromatic  dispersion  for  an  effective  area  of 
65  pm2,  constant  %e  and  bending  loss  @1550  nm 
(ensuring  production  of  fibers  with  a  good 
behavior  in  cable). 


5.  Conclusions 

To  conclude,  a  chromatic  dispersion  value  of  8  ps/nm/km  is  a 
good  compromise:  it  is  sufficiently  high  to  avoid  NZDSF 
limitations,  sufficiently  low  to  avoid  SMF  ones,  and  it  allows  an 
interesting  trade-off  between  effective  area  and  slope.  Such 
propagation  characteristics  have  been  experimentally  validated 
and  conducted  to  a  new  fiber,  called  TeraLight™,  with  the 
expected  propagation  characteristics  and  cabling  behavior.  This 
fiber  has  been  used  in  a  1.5  Tb/s  system  (150  Channel  at  10  Gb/s 
in  both  C  and  L  band  with  a  50  GHz  channel  interspacing)  and  in 
a  1.28  Tb/s  system  (32  Channel  at  40Gb/s).  It  is  adapted  for  a  use 
in  the  S  wavelength  band. 
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Abstract 

Low  Nonlinear  Non-zero  dispersion  shifted  single-mode  fiber  has 
been  developed.  The  fiber  was  fabricated  by  Vapor  Phase  Axial 
Deposition  (VAD)  method.  The  achieved  level  of  effective  area 
and  dispersion  slope  are  70  -  74  pm2  and  0.08  -  0.11  ps/nm2/km, 
respectively.  The  reliability  of  fiber  with  regard  loss  variation  was 
verified  in  considering  the  cable  life.  Its  overall  performance  in 
internal  trial  manufacturing  demonstrated  the  good  capabilities  of 
Dense  WDM  (DWDM)  transmission. 


1.  Introduction 

The  demand  for  data  communication  is  growing  rapidly  due  to  the 
increasing  popularity  of  the  Internet  and  other  factors.  Figure  1 
shows  the  growth  in  transmission  capacity  of  long  haul  trunk 
cables  due  to  progress  in  transmission  system  technology.  Optical 
transmission  began  to  be  used  in  trunk  cables  about  1990,  the 
capacity  of  those  systems  was  several  hundred  Mbit/s  per  fiber.  In 
about  1995  years,  the  transmission  capacity  increased  to  2. 5(5.0) 
Gbit/s  per  fiber  by  optical  repeater  system  using  the  erbium-doped 
fiber  amplifiers.  In  about  1998  years,  the  transmission  capacity 
per  fiber  increased  to  10(20)  Gbit/s  per  wavelength  by  wavelength 
Division  Multiplexing  (WDM)  technique  [1].  Moreover,  in  recent 
system,  the  overall  transmission  capacity  exceeds  lOOGbit/s  per 
fiber  by  the  improvement  of  the  WDM  techniques[2].  Usually, 
these  techniques  are  called  Dense  WDM  (DWDM). 

When  the  number  of  the  signal  wavelengths  carried  in  an  optical 
fiber  increases,  the  average  transmission  power  density  in  optical 
fibers  becomes  larger  than  that  in  conventional  systems. 
Consequently,  optical  fiber  non-linearities  has  emerged  as  a  main 
issue.  This  non-linearity  seriously  limits  transmission  capacity 
with  various  non-linear  interactions,  which  are  generally 
categorized  as  scattering  effects  and  optical  signal  interactive 
modulation. 


In  this  paper,  we  describe  a  low  nonlinear  non-zero  dispersion 
shifted  single-mode  fiber  which  has  an  enlarged  mode  field 
diameter  (MFD). 
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Figure  1.  Growth  in  transmission  capacity  of  trunk 
cables 


2.  Requirements  for  DWDM  Fiber 

The  number  of  wavelengths  in  the  fibers  of  DWDM  systems  is 
increasing.  To  use  such  new  optical  transmission  systems,  the 
DWDM  fiber  should  overcome  two  transmission-related 
limitations;  optical-fiber  non-linearity  and  dispersion  properties. 

2.1  Optical  non-linearity 

Because  the  signal  power  density  is  stronger  due  to  the  greater 
number  of  channels  in  DWDM  systems,  optical-fiber  non¬ 
linearity  limits  the  number/spacing  of  channels  and  the  length/ 
speed  of  the  transmission.  In  general,  the  refractive  index  (n)  of 
optical  fibers  has  a  weak  dependence  on  optical  intensity  (equal  to 
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the  signal  power  (p)  per  effective  area  (Aeff)  in  the  fiber): 
n=n0+n2 I 

=  nO+n2(p/Aeff)  ( 1 ) 

where  nO  is  the  ordinary  index  of  the  material,  n2  is  the  intensity- 
dependent  refractive  index  (equal  to  the  non-linear  index),  and  I  is 
optical  intensity.  Optical-fiber  non-linearity  arises  from 
modulation  of  the  refractive  index  caused  by  changes  in  the 
optical  intensity  of  the  signal.  This  causes  four- wave  mixing 
(FWM),  self-phase  modulation  (SPM)  and  cross-phase 
modulation  (XPM).  The  FWM  and  SPM  distort  the  signals. 
Therefore,  optical-fiber  non-linearity  must  be  reduced.  The  most 
practical  way  to  do  this  is  to  enlarge  Aeff  [3].  The  relationship 
between  Aeff  and  MFD  can  be  expressed  as 

AefNcTi(MFD)2  (2) 

Where  k  is  the  correction  between  Aeff  and  MFD.  As  a  result, 
enlarging  MFD  is  practical  solution  for  low  non-linearity. 

2.2  Dispersion  properties 

The  dispersion  properties  are  the  dispersion  itself  and  the 
dispersion  slope  of  the  optical  fiber.  The  dispersion  value  can  not 
be  in  the  zero-value  region  because  FWM  occurs  interaction 
between  signals  (optic  channels)  in  DWDM  systems  when  there  is 
phase  matching  between  the  optic  channels  due  to  zero  dispersion. 
Therefore,  the  dispersion  value  in  signal-  wavelength  region  must 
have  the  proper  non-zero  value. 

The  sign  of  the  dispersion  value  should  be  positive  for  short- 
distance  transmission  and  the  negative  for  ultra-long-distance 
transmission^]  because  of  modulation  instability  in  the  positive 
dispersion  in  a  long  link.  When  the  signal  wavelength  band 
becomes  wider,  the  difference  in  the  dispersion  value  at  the  edges 
of  the  wavelength  band  becomes  large.  Dispersion  compensation 
thus  becomes  difficult  for  long-distance  DWDM  transmission.  To 
achieve  both  long-distance  and  high-speed  transmission  with  easy 
dispersion  compensation  for  a  wide  wavelength  band,  the 
dispersion  slope  shall  be  reduced. 


3.  Design  for  DWDM  Fiber 

Non-zero  dispersion-shifted  fiber  with  a  conventional  design  was 
conducted  by  enlarging  the  MFD,  with  a  limitation  of  9pm  due  to 
the  bending  loss  resistance  properties [5]. 

To  enlarge  the  MFD,  we  investigated  profiles  that  meet  the 
requirements  for  the  DWDM,  considering  the  ease  of  fiber 
fabricating.  We  used  Vapor-phase  axial  deposition  (VAD)  to 
fabricate  the  fibers  because  VAD  works  better  in  mass  production 
compared  with  other  method,  but  it  is  impossible  to  fabricate  a 
very  complex  profile  by  VAD.  As  a  result,  we  chose  the  tetra- 
cladding-type  profile  for  the  fibers.  The  refractive  index  profile 
of  this  type  of  fiber  and  its  parameters  are  shown  in  Figure  2. 


Figure  2.  Refractive  index  profile  of  tetra- 
cladding  type  fiber 

4.  Experimental  Results 

4.1  Fiber  Performance 

We  fabricated  low  non-linear  fiber  by  VAD  method.  As 
mentioned  above,  VAD  is  the  best  method  for  mass  producing 
optical  fibers  and  has  low  polarization  mode  dispersion  (PMD). 
This  is  because  we  can  produce  larger  and  lower-core  non¬ 
circularity  preforms  than  with  other  methods,  thereby  achieving 
very  low  birefringence  preforms. 

The  characteristics  of  the  trial  fiber  are  listed  in  Table  1.  The 
dispersion  value  was  negative,  so  the  fiber  is  best  suited  for  long¬ 
distance  DWDM  transmission  systems.  The  dispersion  slope  was 
computed  from  the  dispersion  of  linearity  rule  in  the  1550  nm 
region.  It  is  smaller  than  that  of  conventional  DSF.  The 
attenuation  at  a  wavelength  of  1550  nm  with  the  cable  format  was 
very  low.  The  PMD  was  also  very  low  demonstrating  that  VAD 
achieves  a  lower  PMD  than  other  methods.  This  is  because  VAD 
does  not  include  the  collapse  process  which  is  necessary  for  other 
methods.  The  nonlinear  coefficient,  n2/Aeff,  was  measured  using 
the  cross-phase  modulation  method;  it  was  30%  smaller  than  that 
for  conventional  DSF. 


Table  1 .  Typical  characteristics  of  trial  fiber 


Dispersion 

-2.55  ps/nm/km 

Dispersion  slope 

0.089  ps/nm2  /km 

Attenuation 

0.199  dB/km 

PMD 

0.05  ps/kml/2 

MFD 

9.4  pm 

Aeff 

70.8  pm2 

n2/Aeff 

4. lxl O'18  cm2/w/nm2 

Macro  Bend  Loss* 

20dB/m 

*Bend  diameter=20mm 
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The  dispersion  slope  vs.  MFD  is  shown  in  Figure  3.  The 
dispersion  slope  largely  depends  on  the  MFD.  When  the  MFD 
was  about  10  \xm ,  the  dispersion  slope  was  less  than  0.1 
ps/nm2/km.  This  value  is  smaller  than  that  with  the  same  type 
fibers.  When  the  MFD  was  about  8.3  Jim,  the  dispersion  slope 
was  less  than  0.06  ps/nm2/krn,  which  is  smaller  than  that  of 
conventional  DSF  as  well.  To  increase  transmission  capacity  by 
increasing  the  number  of  wavelengths  in  the  DWDM  system,  the 
wavelength  bandwidth  must  be  wider.  Therefore,  the  fiber  must 
have  a  reduced  dispersion  slope  to  cover  a  wider  bandwidth. 
Figure  3  also  shows  that  the  fiber  we  tested  can  be  modified  to 
lower  the  dispersion  slope. 


MFD(mm) 

Figure  3.  Dispersion  slope  vs.  MFD 
4.2  Fiber  Reliability 

Long-term  fiber  reliability  is  an  important  factor  for  practical  use. 
We  investigated  fiber  reliability  from  the  point  of  view  of  loss 
variation  for  various  cable-environment  parameters:  Temperature, 
Humidity,  Radiation  etc.  Among  the  factors  increasing  the  loss, 
the  two  major  factors  we  investigated  were  the  effects  of  hydrogen 
resistance  and  radiation  resistance.  [5]  [6] 

4.2.1  Hydrogen  Resistance 

The  loss  increase  caused  by  the  hydrogen  resistance  of  optical 
fibers  (Aa)  is  due  to  two  factors;  spectral  loss  due  to  hydrogen 
molecules  dissolving  into  the  fiber  (AaH2)  and  spectral  loss  due 
to  hydroxyl  groups  formation  (AaOH).  The  loss  increase  is 
expressed  as 

Aa=  AaH2+  AaOH  [7]  (3) 

The  loss  increase  at  1550nm  was  measured  experimentally.  It  is 
expressed  as 

AocH2=0.0 1 52exp(9 .4 1  kJ/mol/R/T)P  (4) 

AaOH=3.3xl03exp(-33.3kJ/mol/R/T)P°'5t030  (5) 

where  R  is  the  gas  constant,  T  is  the  temperature  in  Kelvins,  P  is 
the  hydrogen  partial  pressure,  and  t  is  time  (h). 


The  universal  assumptions  for  hydrogen  pressure  and  cable 
temperature  in  a  cable  are  0.001  atm  and  three  degrees  centigrade, 
respectively.  The  loss  increase  of  the  trial  fiber  due  to  the 
hydrogen  effect  was  estimated  using  equations  (3),  (4),  and  (5), 
and  the  results  are  shown  in  Figure  4.  It  was  equal  to  or  less  than 
0.003  (dB/km)  for  an  estimated  25 -year  lifetime. 


Figure  4.  Loss  increase  caused  by  the  hydrogen 
diffusion  of  fiber 


4.2.2  Radiation  Resistance 

The  loss  increase  over  the  long  term  due  to  radiation  was 
estimated  by  exposing  the  trial  fiber  to  radiation.  We  assumed  that 
the  total  radiation  does  rate  was  0.5  rad/year  [8].  After  an 
estimated  25  years,  the  increase  in  loss  due  to  radiation  was  about 
0.01  dB/km,  as  shown  in  Figure  5. 

In  summary,  the  effects  of  hydrogen  and  radiation  on  fiber  loss 
were  found  to  be  negligibly  small. 


Figure  5.  Loss  increase  due  to  the  radiation  of 
trial  fiber  at  wavelength  1550  nm. 
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5.  Conclusion 

We  have  developed  a  low  non-linear  non-zero  dispersion  shifted 
single-mode  fiber  with  enlarged  MFD  by  optimizing  the  design  of 
fiber  profile.  The  non-linear  coefficient  of  trial  fiber  was  30% 
smaller  than  that  of  conventional  DSF.  The  dispersion  value  can 
have  a  positive  or  negative  value  in  the  signal  wavelength  area. 
The  dispersion  slope  is  approximately  equal  to  that  of 
conventional  DSF,  even  though  the  developed  fiber  has  an 
enlarged  MFD.  If  we  design  the  smaller  MFD  fiber  by  using  a 
tetra-clad  profile,  with  an  Aeff  the  same  as  that  of  conventional 
DSF,  it  will  be  possible  to  make  the  dispersion  slope  less  than  that 
of  the  trial  fiber.  Furthermore,  we  confirmed  that  the  trial  fiber  has 
enough  hydrogen  and  radiation  resistance  to  be  able  to  use  for  the 
long-term  cable  life  of  25  years. 
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Abstract 

A  method  has  been  proposed  to  monitoring  the  actual  spinning  of 
optical  fibers  during  the  drawing  process.  This  is  an  important  issue 
in  order  to  assure  the  fiber  quality.  In  fact,  the  apparatus  to  spin  the 
fiber  is  usually  far  from  the  neck-down  region  where  the  torsion  is 
frozen-in.  Therefore,  an  efficiency  usually  much  lower  than  one 
comes  out  between  the  rotations  at  the  spinning  apparatus  and  those 
close  to  the  neck-down.  In  particular,  the  amount  of  actual  rotations 
could  be  not  sufficient  to  reduce  the  Polarization  Mode  Dispersion 
(PMD)  of  the  fiber.  The  on-line  measurement  of  the  actual  rotations, 
on  the  contrary,  allows  for  a  highly  reliable  forecast  of  the  fiber 
PMD.  The  method  is  based  on  the  Fourier  analysis  of  the  side-view 
diameter  of  the  fiber  close  to  the  neck-down. 

Keywords 

Optical  fiber;  Spinning;  PMD. 

1.  Introduction 

Polarization  Mode  Dispersion  (PMD)  is  an  important  parameter 
in  high  bit  rate  telecommunication  systems,  especially  when 
Optical  Amplifiers  are  used  on  long  distances.  PMD  is  due  to 
birefringence,  i.e.  the  relative  propagation  delay  between  the  two 
polarization  states  of  the  fundamental  mode.  This  is  due  to  the 
superposition  of  core  ellipticity,  asymmetric  lateral  stresses  and 
twisting.  The  application  of  a  frozen-in  twist  in  the  fiber 
(spinning)  at  a  rate  of  at  least  2-10  tums/m  is  known  to 
substantially  reduce  PMD  [1].  The  method  is  known  to  be  more 
effective  with  an  alternate  rotation  [2].  Negligible  PMD  values, 
lower  than  0.1  ps/km1/2,  have  been  currently  obtained  in  spun 
optical  fibers. 

The  spinning  of  the  fiber  is  usually  obtained  by  manipulating  the 
coated  fiber  close  to  the  capstan  [1,2]  or  at  the  coating  applicators 
[3].  For  the  sake  of  illustration,  in  figure  1,  the  scheme  of  a 
drawing/spinning  tower  has  been  reported.  The  spinning 
apparatus  is  able  to  apply  a  torque  to  the  fiber,  which  rotates  e.g. 
by  an  angle  0].  The  torque  is  transferred  with  a  delay  and 
attenuated  towards  the  neck-down  region,  where  the  fiber  rotates 
by  an  angle  02,  while  the  preform  stands  still.  The  time  evolution 
of  02  determines  the  actual  frozen-in  twist  in  the  fiber,  and 
ultimately  the  PMD.  Unfortunately,  the  amplitude  of  02  can  be 
substantially  lower  than  0!.  This  is  due  to: 

i)  the  long  span  of  fiber  between  the  neck-down  region  in  the 
furnace  and  the  spinning  apparatus, 


ii)  the  viscous  drag  behavior  of  the  resin  in  the  coating 
applicators,  and 

iii)  the  viscous  contribution  of  the  neck-down  itself. 

Moreover,  any  sort  of  slippage  of  the  fiber  in  the  spinning 
apparatus  makes  0!  itself  lower  than  it  should. 


Figure  1  -  Scheme  of  a  spinning/drawing  tower. 

All  these  make  the  actual  rotations  close  to  the  neck-down  region 
highly  unpredictable,  as  can  be  verified  by  destructive  testing  such 
as  visual  inspection  with  a  microscope  of  built-in  bubbles  in  the 
glass. 
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We  propose  a  method  to  measure  the  actual  rotations.  It  is  based 
on  a  real-time  Fourier  analysis  of  the  fiber  diameter  data  as 
obtained  by  transverse  on-line  measurements  close  to  the  neck- 
down.  The  power  spectrum  turns  out  to  have  several  well-resolved 
peaks,  whose  frequencies  have  been  correlated  to  the  actual  twist 
of  the  fiber . 


strongly  affected  by  the  drawing  tower  configuration  and  process 
conditions.  By  sure,  it  is  smaller  than  the  nominal  amplitude  at  the 
spinning  apparatus. 

The  rotation  at  the  neck-down  can  be  connected  to  the  frozen-in 
twist,  T,  according  to 


2.  Theory 

The  method  relies  on  the  fact  that  any  fiber  has  a  small  but  not- 
zero  ellipticity.  Values  ranging  from  0.1  to  0.3  are  currently 
typical  for  a  good  standard  fiber  production.  The  side-view 
diameter  of  an  elliptical  shaped  fiber  depends  on  the  angle  0  of  its 
principal  axis  with  respect  to  a  standing  reference  (figure  2).  It 
turns  out 

j'Dside-view  j  =a2  +  b2  +  a2-b2cos(26)  (1) 


1 

T  =  t— —  =  Tmaxcos(27Wt)  (4) 

Vdraw  & 

where  is  the  drawing  speed  and,  from  eq.3,  the  maximum 
torsion  is 


2tcv 


vdraw 


(5) 


Combining  eq.  1  to  3,  the  apparent  diameter  variation  due  to  the 
axial  rotation  of  the  fiber  turns  out 


where  a  and  b  are  the  larger  and  smaller  semi-axis,  respectively. 


Figure  2  -  Side-view  diameter  of  an  elliptical  fiber. 

They  are  connected  to  the  ellipticity,  e,  through  the  following 
relationship 


AD  -  — —  cos[20max  sin(27Wt)]  (6) 

where  D  -  a  +  b  is  the  mean  diameter  (nominal  diameter)  of  the 
fiber. 

The  Fourier  transform  of  the  signal  given  in  eq.  6  is  quite 
peculiar.  The  power  spectrum  has  discrete  peaks  at  frequencies 

2nv,  with  n  =  1,  2,  3,  . ,  which  nearly  drops  down  at  a 

maximum  frequency  given  by 

v  =  20  v  (1) 

max  ^vmaxv  v 1 ) 

This  can  be  demonstrated  by  developing  the  cosine  function  in  eq. 
6  in  a  Taylor  series: 

AD  =  ^I  ^f[26max  sin(27rvt)Fn  (8) 

4  n=o(2n)! 

Each  term  in  square  brackets  can  be  developed  according  to  well- 
known  trigonometric  relationships: 


e2  =  1- 


^b''2 


(2) 


[sin(2nvt)f  =  1~cos[^(2v)t] 


(9a) 


For  the  sake  of  illustration,  we  can  suppose  the  rotation  close  to 
the  neck-down  described  by 

0(t)  =  0max  sin(27tvt)  (3) 

where  0^  is  the  amplitude  and  v  the  inversion  frequency.  While 
v  is  univocally  determined  by  the  spinning  apparatus,  0max  is 


[sin(27Wt)]4  =  3-4cosN2v)t]+cos[2K(4v)t]  (%) 

8 

and  so  on. 

Therefore,  AD  can  be  expressed  as  a  sum  of  cosine  at  frequencies 

2nv,  with  n  =  1,  2,  3,  . The  spectrum  contains  infinite  terms, 

but  the  l/(2n)!  coefficient  smears  off  the  contribution  of  the 
highest  frequencies.  The  largest  significant  contribution  can  be 
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found  by  considering  that  the  largest  rate  of  change  of  the  angle  0, 
i.e.  the  maximum  torsion,  is  at  t  =  0  (and  at  1/v,  21  v, 
Therefore,  the  sine  function  in  eq.6  can  now  be  developed 
according  to 

2n 

AD  =  — cos{20max  [(2itvt)  +  ....]}  (10) 

which  is  just  the  contribution  at  the  frequency  given  in  eq.  7. 

In  figure  3,  the  spectrum  of  the  signal  given  in  eq.  6  has  been 
reported,  in  the  case  of  v  =  5  Hz  and  0max  =  4  n.  The  Fourier 
transform  has  been  performed  with  a  discrete  FFT  over  2048 


points  at  a  rate  of  500  Hz.  In  this  condition,  eq.  7  gives  —125 
Hz,  which  nearly  corresponds  to  the  actual  extent  of  the  spectrum. 
The  spectrum  is  formed  by  harmonics  spaced  by  2x5  Hz,  as  it 
should  be. 

The  inversion  of  the  procedure,  followed  so  far,  should  allow 
estimating  Tmax  from  the  observed  extent  of  the  spectrum: 

Tmax=^L  (11) 

''draw 


Frequency  (hz) 


Figure  3  -  Simulated  spectrum  for  v  =  5  Hz  and  0max  =  4  n. 


3.  Experimental  results 

In  the  above  section,  the  ideal  spectrum  of  the  side-view  diameter 
variations  has  been  presented.  In  the  real  world  many  sources  of 
noise  are  expected,  e.g. 

i)  natural  variation  of  the  overall  diameter; 

ii)  natural  twist  of  the  fiber  principal  axes; 

iii)  noise  of  the  diameter  measurements; 

iv)  changes  of  the  0  pattern  in  the  time  interval  for  the  Fourier 
transform. 

Nonetheless,  it  has  been  found  a  good  resemblance  among 
experimental  spectra  and  the  theoretical  ones.  In  figure  4  to  6  we 
reported  experimental  spectra  obtained  with  inversion  frequency 
of  the  spinning  apparatus  v  =  2.8,  3.8  and  5  Hz,  respectively, 
while  maintaining  constant  the  amplitude  of  the  oscillation  of  the 


apparatus.  In  the  first  case,  the  maximum  harmonic  frequency  is  at 
about  130  Hz,  in  the  second  at  about  180  Hz,  and  in  the  latter  case 
the  spectrum  extends  up  to  nearly  250  Hz,  in  agreement  with  eq. 
7.  An  enlarged  picture  of  the  first  spectrum  is  presented  in  figure 
7,  where  the  harmonic  spacing  can  be  appreciated. 

In  figure  5,  it  can  be  noticed  the  presence  of  spurious  odd 
harmonics  in  the  spectra  at  3.8  Hz,  which  is  probably  due  to 
coupling  with  lateral  vibration  of  the  fiber  at  the  frequency  v  and 
to  a  little  position  sensitivity  of  the  diameter  monitoring.  This 
however  does  not  seriously  affect  the  estimate  of  the  maximum 
frequency. 

For  the  sake  of  comparison,  the  spectrum  of  a  not  intentionally 
spun  fiber  is  presented  in  figure  8. 
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Figure  8  -  Experimental  spectrum  of  a  not  intentionally  spun  fiber. 


The  actual  torsion  frozen-in  the  fibers  of  the  examples  depends  on 
the  drawing  speed.  Good  agreement  between  the  on-line  method 
and  destructive  monitoring  at  the  microscope  has  been  found. 

A  high  confidence  on  having  PMD  lower  than  0.1  ps/km1/2  can  be 
obtained  for  maximum  actual  rotations  at  the  neck-down  of  e.g.  5 
tums/meter. 

4.  Conclusions 

We  have  proposed  a  method  to  on-line  measure  the  actual  frozen- 
in  spinning  rate  of  optical  fibers.  The  method  is  based  on  a  real¬ 
time  Fourier  analysis  of  the  fiber  diameter  data  as  obtained  by 
side-view  measurements  close  to  the  neck-down.  The  power 
spectrum  turns  out  to  have  several  well-resolved  peaks,  whose 
frequencies  have  been  correlated  to  the  actual  twist  of  the  fiber. 
So  doing  a  constant  quality  of  the  fibers  can  be  assured,  in  order 
to  guarantee  PMD  values  lower  than  0.1  ps/km1/2. 
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Abstract 

Recently,  Japanese  telecommunication  service  providers  have 
begun  using  G.655  nonzero  dispersion  fiber  (NZDF)  for  new 
network  construction.  Since  long-distance,  high-bit  rate  DWDM 
transmission  requires  low  polarization  mode  dispersion  (PMD), 
there  has  been  considerable  interest  regarding  the  PMD 
performance  of  this  type  of  fiber  optic  cable.  Previous  studies 
have  indicated  that  slotted  core  ribbon  cable  might  display  more 
PMD  than  other  types  of  cable.  We  report  on  the  PMD  of 
representative  examples  of  several  different  type  of  NZDF  ribbon 
cables.  Our  results  of  measured  PMD  performance  during 
mechanical  and  environmental  tests  designed  to  simulate  field 
conditions  indicate  that  we  can  expect  good  PMD  performance. 
Typical  measured  PMD  coefficient  values  are  approximately  0.05 
ps/kmI/2  in  all  cable  and  ribbon  configurations.  We  believe  that 
these  results  clearly  demonstrate  that  the  standard  Japanese  cable 
structure  will  be  able  to  support  high  bandwidth  requirements 
with  NZDF. 

Keywords 

Polarization  mode  dispersion;  Slotted  core  cable;  Non-zero 
dispersion 

1.  Introduction 

Japanese  service  providers  have  recently  begun  using  DWDM 
based  transmission  systems  in  response  to  the  rapidly  increasing 
needs  for  bandwidth.  Although  at  present  the  high  bit-rate  systems 
rely  on  10  Gb/sec  transmissions,  it  is  widely  assumed  that  40 
Gb/sec  systems  will  be  commercially  deployed  in  the  near  future. 
Since  many  of  the  main  communication  lines  exceed  400  km  in 
length,  the  PMD  performance  of  the  cable  will  be  a  very 
important  factor  affecting  the  viability  of  high  bit-rate 
telecommunication.  In  Japan,  the  most  common  cable  structure  is 
slotted  core  ribbon  cable.  Previously  published  results  have 
reported  that  this  structure  might  be  have  higher  PMD  than  other 
cable  structures  such  as  loose  tube  [1][2].  At  that  time  however, 
the  maximum  transmission  bit-rate  was  2.5Gb/sec,  and  lOGb/sec 
was  considered  as  a  future  technology  and  the  PMD  performance 
of  the  network  was  not  believed  to  be  an  important  design 
consideration.  Furthermore,  the  networks  were  constructed  using 
either  G.652  or  G.653  fibers.  As  more  carriers  begin  to  adopt  high 
bit  rate  DWDM  transmission  equipment,  they  have  begun  using 
G.655  NZDF  for  new  network  construction  because  of  its  cost 
saving  advantages  and  its  relatively  easy  upgradability  to  40 
Gb/sec  transmissions.  We  have  earlier  reported  the  initial  PMD 
performance  of  NZDF  cable  [3].  However,  we  believe  it  is 


necessary  to  evaluate  the  performance  under  conditions  that 
approximate  field  deployment  if  these  cables  are  intended  to 
support  40Gb/sec  transmission. 

For  a  ldB  power  penalty,  the  allowable  PMD  coefficient  can  be 
calculated  according  to  following  formula  (1)[4]. 

_ ioV _ 

B(Gb/s)xPMDC(ps/km1'2) 

Where  B  is  the  bit-rate,  L  is  the  transmission  distance,  f  is  the 
allowed  bit-period  fraction.  Assuming  B=  40Gb/sec,  f=  0.1  and  L 
=  400  km  [5]  [6]  give  a  maximum  acceptable  PMD  coefficient  of 
0.125ps/km1/2. 

2.  Cable  structure 

In  this  study,  we  selected  a  reduced  slope  NZDF  that  is  optimized 
for  DWDM  transmission  over  a  wavelength  range  from  1530  nm  to 
1625nm.  Because  of  the  importance  of  low  dispersion  slope  for  the 
performance  of  a  long  haul  high  bit-rate  transmission  network,  this 
fiber  has  become  the  dominant  NZDF  in  Japan.  Table  1  shows  some 
of  the  optical  and  geometrical  characteristics  of  this  fiber.  The  fiber 
was  drawn  using  a  process  that  greatly  minimizes  the  PMD. 


Table  1.  Characteristics  of  Reduced  Slope  NZDF 


Parameter 

Value 

Parameter 

Value 

MFD  at  1550nm 

8.4+/-0.6 

micron 

Chromatic  dispersion 

1530  to  1565nm 

2.6  to  6.0 

ps/nm-km 

Cladding 

125+/-1.0 

Chromatic  dispersion 

4.0  to  8.9 

diameter 

micron 

1565  to  1625nm 

ps/nm-km 

Core/Clad  Con¬ 

<=0.6 

Dispersion  slope 

<=0.05 

centricity  error 

micron 

at  1550nm 

ps/nm2-km 

Cladding 

Non-circularity 

<=1.0% 

ITU-T  Category 

G.655 

,  Example  3 

In  general,  NZDF  optical  fiber  cable  is  used  in  trunk  lines  for  long 
haul  network  applications.  In  the  case  of  Japan,  the  most  common 
trunk  line  cable  structure  is  a  single  slotted  core  containing  from  5 
to  1 6  slots,  each  of  which  is  helically  stranded  with  between  5  and 
10  layer  stacks  of  4  or  8-fiber  ribbons.  Although  the  primary 
application  of  NZDF  is  long  haul  network  construction,  some 
Japanese  service  providers  need  to  collocate  the  NZDF  in  the 
same  cables  as  G.652  fiber  used  in  for  the  metropolitan  area 
access  network.  Since  it  is  preferable  that  these  “hybrid”  cables 
have  easy  mid-span  access,  they  are  often  SZ  stranded.  Typically 
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Table  2.  Cable  structure 


the  NZDF  fraction  in  each  cable  varies  from  10  to  100  percent. 
Table  2  shows  the  geometrical  parameters  of  the  cable  structures 
evaluated  in  this  work.  Figure  1  shows  schematics  diagrams  of 
these  cables. 


Water  Blocking  Tape 


a.  200-fiber  cable  with  4-fiber  ribbon  (Cable  A) 

Water  Blocking  Tape 


b.  600-fiber  cable  with  8-fiber  ribbon  (Cable  B) 

Wrapping  Tape 


c.  128-fiber  cable  with  2-fiber  ribbon  (Cable  C) 
Figure  1.  Detail  of  Investigation  cable  structure 


Parameter 

Cable  A 

Cable  B 

Cable  C 

Maximum  fiber  count 

200  fibers 

600  fibers 

128  fibers 

Ribbon  type 

4-fiber 

8-fiber 

2-fiSer 

Ribbon  thickness 

0.4mm 

0.3mm 

0.4mm 

Ribbon  width 

Strength  member 

4.5mm 

4.5mm 

7/1. 4mm 

diameter 

(A-FRP) 

(A-FRP) 

(Metallic) 

Jacket  thickness 

1.5mm 

1.5mm 

2.0mm 

Cable  outer  diameter 

17mm 

22mm 

21mm 

Stranding  method 

Helical 

Helical 

SZ 

Water  penetration 
prevention 

WB  tape 

WB  tape 

Filling 

compound 

3.  Optical  performance 

Table  3  shows  the  optical  transmission  characteristics  after 
cabling  the  NZDF.  As  can  be  seen,  the  optical  attenuation  was 
relatively  low  at  1550nm  and  1625nm.  In  general,  the 
performance  of  this  type  of  cable  under  varying  environmental 
and  mechanical  conditions  is  usually  extremely  stable  and  these 
samples  were  no  exception.  The  measured  difference  in  optical 
attenuation  of  the  different  cables  is  probably  not  statistically 
significant. 


Table  3.  Optical  performance  of  each  cable 


Items 

Wavelength 

Cable  A 

Cable  B 

Cable  C 

Optical 

attenuation  of 
cabled  fiber 

*1)  (dB/km) 

1550nm 

0.197 

/  0.007 

0.204 

/  0.003 

1625nm 

0.209 

/  0.006 

0.208 

/  0.008 

0.207 

/  0.004 

Temperature 

cycle 

performance 

1550nm 

1625nm 

<=0.1  dB/km  at  each  wavelength  range 

Temperature  range:  -30  to  70  Celsius 

Mechanical 

test 

performance 

1550nm 

No  loss  increase  and  no  residual  loss 

1625nm 

No  residual  loss 

*  1)  Upper  number:  Average,  lower  number:  a 


4.  PMD  performance 

4.1  Instantaneous  PMD  characteristics  of  cabled 
fiber 

Table  4  and  Table  5  show  the  measurement  conditions  and 
measured  PMD  coefficient  of  each  cable.  The  PMD  was  measured 
using  the  wavelength  scanning  method  from  1169  to  1696nm.  Fig 
2a-c  shows  the  distribution  of  PMD  values  for  these  cables. 
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Table  4.  PMD  measurement  conditions 


Parameter 

Detail 

Cable  condition 

Wound  on  wooden  drum 

Cable  length 

>  1km 

Testing  temperature 

Ambient  room  temperature 

Table  5.  PMD  coefficient  of  cabled  fiber  (ps/km,/2) 


Parameter 

Cable  A 

Cable  B 

Cable  C 

Average 

0.0441 

0.0450 

0.0388 

Median 

0.0370 

0.0370 

0.0330 

a 

0.0213 

0.0236 

0.0166 

Maximum 

0.183 

0.159 

0.123 

Minimum 

0.021 

0.023 

0.019 

Fiber  count 

508 

264 

528 

Average 

1.453km 

1.410km 

1.474km 

cable  length* 

/0.392km 

/  0.277km 

/0.288km 

*Upper  number:  Average,  lower  number:  a 
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Fig  2a.  PMD  coefficient  of  Cable  A 
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Fig  2c.  PMD  coefficient  of  Cable  C 

Figure  2.  Distribution  of  PMD  coefficient  of  cabled 
fiber  at  each  cable  type 


4.2  Calculation  of  ’’worst  case”  PMD  performance 
in  the  network. 

Table  6  shows  the  simulated  “worst  case”  PMD  coefficient  we 
expect  in  a  network  link  consisting  of  20  pieces  of  concatenated 
cable.  The  PMD  coefficient  was  calculated  by  both  Monte  Carlo 
Numeric  and  model  independent  methods  [5].  The  statistical  basis 
of  these  values  was  the  measured  instantaneous  PMD  of  cabled  fiber 
as  shown  in  Table  5  result. 


Table  6.  Estimated  “worst  case”  PMD  coefficient 
(ps/km1/2) 


Method 

Cable  A 

Cable  B 

Cable  C 

1)  Monte  Carlo  Numeric 

0.0802 

0.0838 

0.0618 

2)  Model  Independent  Method 

0.0791 

0.0850 

0.0640 

As  can  be  seen  in  Tables  5  and  6,  the  instantaneous  PMD  and 
“worst  case”  PMD  coefficient  are  slightly  different  for  each  cable 
type.  Cable  C  showed  slightly  better  PMD  performance  than 
Cables  A  and  B.  This  difference  is  not  surprising  in  that,  among 
other  differences,  Cable  C  has  filling  compound  in  each  slot. 
PMD  is  a  complicated  function  of  factors,  primarily  the  fiber 
birefringence  and  mode  coupling  variations  along  the  fiber.  We 
believe  it  likely  that  the  filling  compound  altered  the  stresses  on 
the  fiber  thereby  changing  the  above  factors.  Also  we  can  see  no 
statistically  significant  difference  between  the  calculation  methods. 


Fig  2b.  PMD  coefficient  of  Cable  B 
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5.  Case  study  of  PMD  variation 

In  this  section,  we  evaluated  the  relationship  between  some 
applied  lateral  pressure  and  the  PMD  of  both  ribbons  and  cables. 

5.1  The  PMD  characteristics  of  fiber  ribbon 

We  made  three  4-fiber  ribbons  using  three  different  fibers  in  order  to 
evaluate  the  effect  of  PMD  of  the  location  of  the  fiber  in  the  ribbon. 
Each  ribbon  used  fiber  from  the  same  spool.  We  also  made  ribbons 
of  different  thickness  in  order  to  study  the  effectiveness  of  ribbon 
thickness  in  buffering  changes  in  lateral  pressure.  The  PMD 
measurement  conditions  were  as  follows: 

•  Wave  scanning  method  from  1 169  to  1 696nm 

•  Ribbon  wound  on  280mm  diameter  spools 

•  200g  winding  tension 

•  2  km  ribbon  length 


Table  7.  Fiber  ribbon  PMD  coefficient  (ps/km 1/2) 


Fiber  ID 

Position  1 

Position  2 

Position  3 

Position  4 

Fiber  A 

0.4mm 

0.083 

0.222 

0.243 

0.094 

0.3mm 

0.122 

0.241 

0.273 

0.109 

Fiber  B 

0.4mm 

0.347 

0.259 

0.227 

0.368 

0.3mm 

0.399 

0.315 

0.324 

0.361 

Fiber  C 

0.4mm 

0.106 

0.149 

0.162 

0.108 

0.3mm 

0.135 

0.154 

0.134 

0.113 

Figure  3.  Fiber  ribbon  PMD  coefficient:  spool 
wound,  200g  tensions 

The  results  shown  in  Table  7  and  Figure  3  indicate  that  the  PMD 
performance  was  affected  by  the  location  of  the  fiber  in  the  ribbon, 
with  a  significant  difference  between  the  outside  fibers  (#1  and  #4) 
and  the  inside  fibers  (#2  and  #3).  We  also  observed  a  correlation 
between  PMD  performance  and  ribbon  thickness.  Usually  0.3mm 
thickness  ribbon  was  more  sensitive  and  had  larger  PMD  than  the 
0.4mm  ribbon. 

Each  ribbon  was  subjected  to  lateral  pressure  due  to  the  winding 
tension.  This  should  have  resulted  in  both  additional  birefringence 
and  mode  coupling.  The  relative  significance  of  these  effects  varied 


from  fiber  to  fiber.  In  some  fibers,  the  PMD  increased,  indicating 
that  the  increased  birefringence  was  more  significant  than  the 
increased  longitudinal  mode  coupling.  On  the  other  hand,  the  PMD 
of  other  fibers  decreased,  indicating  that  the  effect  of  longitudinal 
mode  coupling  was  more  important. 

5.2  Cabled  PMD  performance  under  mechanical 
testing 

In  order  to  simulate  installation  effects,  we  evaluated  the  PMD 
performance,  and  the  PMD  variation  in  particular  as  measured  by 
changes  in  differential  group  delay  (DGD)  when  the  cable  was 
subjected  to  a  lateral  load  pressure.  For  this  test,  the  fibers  were 
spliced  together  to  make  long  loops  for  measurement.  We  made  two 
separate  loops  in  Cables  A  and  B  using  the  outside  position  fibers 
(loop  1)  and  the  inside  position  fibers  (loop  2).  In  Cable  C,  we  made 
a  one  loop  using  all  fibers  in  the  cable.  PMD  was  measured  using 
wave  scanning  method  from  1384  to  1669nm.  Mechanical  tests 
included:  a)  tensile  loading  of  1960N  on  a  6.5m  cable  segment;  b) 
compressive  loading  of  1960N/10mm;  c)  torsion  of  +/-180 
degree/m;  d)  wrapping  3  times  around  a  600mm  mandrel;  e)  Flexing, 
5  times  on  a  10m  cable  segment  (similar  to  IEC-794-1-E8).  Table  8 
shows  the  change  in  DGD  during  each  mechanical  test. 


Table  8.  PMD  performance  under  mechanical  test 
condition  (Unit:  ps  [Change  DGD  value]) 


Test 

Cable  A 

Cable  B 

Cable  C 

Outside 

fiber 

loop 

Inside 

fiber 

loop 

Outside 

fiber 

loop 

Inside 

fiber 

loop 

All  fiber 

loop 

Tensile 

loading 

0.01 

0.04 

0.04 

0.02 

0.01 

Compressive 

loading 

0.03 

0.02 

0.02 

0.01 

0.02 

Torsion  * 

0.03/ 

-0.06 

-0.07  / 

-0.05 

0.01/ 

-0.02 

0.05/ 

0.01 

-0.04  / 

-0.06 

Bending 

0.03 

-0.05 

-0.05 

-0.08 

0.02 

Flexing 

0.06 

0.00 

-0.08 

-0.01 

0.11 

*  Upper  number:  positive  torsion,  lower  number:  negative  torsion 


From  these  results  we  see  there  is  no  significant  PMD  variation 
under  normal  mechanical  testing  conditions,  nor  do  we  see  a  relation 
between  PMD  performance  and  fiber  location  in  the  ribbon  (In 
Cables  A  and  B). 
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6.  PMD  performance  of  cabled  fiber  due  to 
variations  in  environmental  conditions 

In  this  section  we  describe  measurements  of  the  PMD  during:  a) 
flexing  test;  b)  vibration  test;  c)  temperature  cycle  test  and  d)  outside 
environmental  temperature  test.  The  effect  of  flexing  and  vibration 
is  to  load  external  lateral  stress  on  the  cabled  fiber.  (However,  these 
tests  do  not  significantly  add  longitudinal  stress.)  For  these 
measurements  we  used  an  interferometric  test  set  with  a  1550nm 
wavelength  light  source.  Rather  than  the  PMD  coefficient,  we  report 
the  changes  in  DGD.  Since  most  test  equipment  can  not  measure  the 
very  low  PMD  of  short  lengths  of  fiber,  we  measured  the  PMD 
performance  of  fiber  loops  with  total  PMD  >  0.1  ps  or  total  fiber 
length  >  10km. 

6.1  Flexing  test 

As  mentioned  previously,  PMD  variations  are  caused  by  factors 
related  to  the  fiber,  the  cable  and  the  fiber/cable  interaction.  Slotted 
core  type  cables  generally  have  more  sensitivity  to  the  fiber/cable 
interaction  than  other  types  of  cable  because  of  the  many  points  of 
tangency  between  the  fiber  and  the  core  along  the  cable  length. 
Because  the  slotted  core  material  is  much  harder  than  that  of  the 
fiber  ribbon,  it  is  very  easy  to  observe  the  changes  in  the 
birefringence  and  mode  coupling  distributions  along  the  cable 
caused  by  external  stresses  which  occur  during  flexing,  simple 
vertical  vibration,  or  changes  in  environmental  temperature. 

Figure  4  shows  the  measured  variation  in  PMD  during  flexing 
cycles. 
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Figure  4.  PMD  variation  during  flexing  testing 


Figure  5.  Distribution  of  PMD  variation  under 
flexing  test 

The  flexing  test  conformed  to  the  method  specified  in  IEC-794-1-E8 
method.  The  load  tension  was  1960N,  the  bending  diameter  was 
600mm  and  the  testing  time  was  30  minutes.  This  test  was 
performed  on  Cable  C. 

The  results  show  roughly  24%  variation  in  PMD  (lo).  The 
distribution  of  PMD  (DGD)  is  shown  in  Figure  5.  Although  there  is 
variation  during  the  actual  testing  we  see  no  residual  effects  after 
testing. 

6.2  Vibration  test 

In  this  test  we  investigated  the  correlation  between  PMD  and 
vibration  in  order  to  estimate  the  effect  of  wind  induced  vibration  on 
cable  performance  using  cable  A.  We  varied  the  frequency  from  5  to 
20Hz  and  the  amplitude  from  ±0.5  to  ±10mm  at  the  vibration  point. 
Figure  6  and  7  show  the  results  of  this  test. 
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Figure  6.  PMD  variation  during  vibration  testing 
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Figure  7.  Distribution  of  PMD  variation  under 
vibration  test 

Figure  6  shows  the  measured  change  in  DGD  during  vibration 
testing.  We  see  the  interesting  result  that  changes  in  vibration 
frequency  had  little  effect  on  the  PMD  (6%  variation,  la)  but 
changes  in  amplitude  caused  brief  but  significant  variation  (15%, 
la)  in  the  PMD.  The  hold  time  for  each  amplitude  value  was  3 
hours.  We  believe  that  these  results  may  indicate  a  potentially  larger 
PMD  variation  in  aerial  and  railway-bed  cables  than  those  in 
vibration-free  location. 


6.3  Temperature  cycle  test 

Outside  plant  fiber  optic  cable  is  subject  to  significant  extremes  of 
temperature.  In  order  to  evaluate  the  impact  of  temperature  changes 
of  PMD  performance,  we  performed  temperature  cycling  test.  Table 
9  shows  the  various  test  conditions.  Previous  studies  have  reported 
on  the  PMD  of  cabled  fiber  under  temperature  cycle  tests  [1][3][7]. 
However,  the  PMD  was  usually  measured  under  static  hold 
conditions,  such  as  constant  70  Celsius,  -30  Celsius,  or  20  Celsius 
environmental  temperature.  However,  the  temperature  in  the  field  is 
not  static  and  can  chance  rapidly  and  randomly.  Therefore,  under 
field  conditions  the  birefringence  and  mode  coupling  distribution 
along  the  fiber  length  are  constantly  and  randomly  changing,  and  the 
time  variability  of  the  PMD  might  be  greater  than  indicated  by  static 
temperature  tests.  In  order  to  study  this  effect,  we  measured  the 
PMD  at  30  minutes  intervals  using  the  wave  scanning  method  from 
1386  nm  to  1694  nm  while  we  varied  the  temperature.  Figure  8a  and 
8b  show  the  result  of  this  experiment. 


Table  9.  Temperature  cycle  test  conditions 


Variable 

Condition 

Cable  type 

1)  Cable  A  loopl  (Outside  fibers  loop) 

2)  Cable  A  loop2  (Inside  fibers  loop) 

Cable  condition 

Wound  on  a  wooden  drum 

Cable  length 

Cable  A:  approx.  1km 

Each  loop  length  was  about  47km 

Temperature  range 

-30  to  70  Celsius 

Figure  8a.  Correlation  between  environmental 
temperature  and  PMD  coefficient  (Cable  A,  loop  1) 
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Figure  8b.  Correlation  between  environmental 
temperature  and  PMD  coefficient  (Cable  A,  loop  2) 
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Figure  9a.  Distribution  of  PMD  coefficient  during 
changes  in  ambient  temperature  (Cable  A,  loop  1) 
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Figure  9b.  Distribution  of  PMD  coefficient  during 
changes  in  ambient  temperature  (Cable  A,  loop  2) 

As  can  be  seen  in  Figure  8a  and  8b,  there  is  no  significant 
correlation  between  the  PMD  coefficients  and  the  environmental 
temperature.  However,  we  did  see  a  small  difference  in  PMD 
performance  between  loop  1  (outer)  and  loop  2  (inner).  The  reason 
for  this  is  most  likely  that  loop  1  consists  of  the  outside  fibers  which 
are  in  close  tangential  contact  with  the  slotted  core  of  the  cable  and 
therefore  more  likely  to  be  affected  by  fiber/cable  interaction  effects 
than  the  inner  fibers  of  loop  2,  which  are  somewhat  buffered  from 
such  effects  by  the  outside  fibers.  Consequently,  loop  1  is  subject  to 
greater  axial  variation  in  birefringence  and  mode  coupling  along  the 
length  of  the  cable.  As  previously  mentioned,  the  difference  in  PMD 
variability  between  the  2  loops  was  not  very  large  however:  loop  1 
was  showed  14.3%  (1  a)  variation  while  loop  2  showed  10.8%  (1  a) 
variation. 
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6.4.1  Controlled  room  temperature 

In  this  experiment,  we  measured  the  PMD  of  a  spooled  fiber  wound 
under  high  tension  at  room  temperature  at  30  minutes  intervals 
using  an  interferometric  test  set  with  1550nm  light  source.  The  fiber 
sample  was  kept  at  an  extremely  well  controlled  23  Celsius  for  24 
hours.  As  would  be  expected,  the  PMD  was  very  stable  with  almost 
no  variation  (2.0%;  la).  A  side  benefit  of  this  test  was  to  confirm 
the  stability  of  the  PMD  measurement  equipment. 

6.4.2  PMD  variations  under  uncontrolled  room 
temperature 

We  wound  Cable  A  on  a  1  meter  drum  and  spliced  the  fibers 
together  to  form  a  loop  with  a  total  length  of  about  60  km.  Again  we 
measured  the  PMD  using  the  interferometric  method  with  1550nm 
light  source.  The  sample  was  placed  in  our  factory  storage  room 
where  the  temperature  varies  by  about  +1-3  Celsius.  The  PMD 
variation  was  wider  than  under  the  conditions  of  section  6.4.1. 
(9.5%;  la )  during  34  hours  of  monitoring. 

6.4.3  PMD  variations  under  simuiated  field  conditions 

We  measured  the  PMD  variations  of  Cable  B  placed  on  the  ground 
outside  the  factory  to  simulate  field  conditions.  The  fibers  were 
spliced  together  to  form  a  56  km  loop  and  the  cable  was  exposed  to 
sunshine  and  ambient  temperature  variations.  Again  we  measured 
the  PMD  variations  using  the  interferometric  test  set  with  a  1550nm 
light  source.  Monitoring  continued  for  48  hours  from  May/26th  to 
28th  2000.  The  environment  temperature  range  was  about  from  13  to 
25  Celsius  (+/-  about  4  Celsius).  Figure  10  and  11  show  the  results 
of  our  measurements 


6.4  Investigation  of  actual  environmental 
temperature  effects 

In  order  to  more  clearly  understand  the  performance  of  the  cable 
under  actual  field  deployment,  we  performed  three  additional 
temperature  tests  that  gradually  expanded  the  range  and  variability 
of  the  ambient  temperature.  The  experimental  conditions  are  shown 
in  Table  10. 


Table  10.  Additional  experimental  conditions 


Test# 

Environmental  condition 

Sample  condition 

1 

Controlled  room 

temperature 

Spooled  fiber 

about  40km 

2 

Uncontrolled  room 

temperature 

Cable  length:  approx.  1 .5km 

Wound  on  lm  diameter  drum 

3 

Simulated  field 

conditions 

Cable  length:  approx.  0.5km 

Installation  outside  the  plant 

0  10  20  30  40 


Time  (hours) 

Figure  10.  PMD  variations  under  simulated  field 
conditions 
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Figure  11.  Distribution  of  PMD  under  simulated  field 
conditions 

From  these  results,  we  find  that  the  PMD  variation  under  simulated 
field  conditions  was  about  13.3%  (1  a).  This  result  is  similar  to  the 
temperature  cycle  test  result. 

7.  Simulation  of  network  PMD 
performance 

Based  on  the  results  of  the  above  experiments,  we  estimate  that  the 
influence  of  normal  environmental  conditions  on  the  PMD 
characteristics  of  installed  cable  is  approximately  20%.  We 
estimated  the  distribution  of  PMD  in  a  400km  span  consisting  of 
concatenated  links  of  each  cable  type  using  a  Monte  Carlo  analysis. 
Generally,  for  the  case  of  concatenation  of  individual  cable 
segments,  total  PMD  coefficient  can  be  calculated  according  to  the 
following  formula; 


where  Xt  is  the  instantaneous  PMD  coefficient  (ps/km1/2)  of 
segment  i  and  lt  is  the  length  of  cable  segment  i  (km).  The 
distribution  of  the  Xi  was  based  on  the  statistics  underlying  the  data 
presented  in  Table  5.  The  Monte  Carlo  selection  of  /  was  based  on 
actual  records  of  NZDF  cable  deployment  in  Japan.  (7  is  a  factor 
representing  the  influence  of  environmental  conditions.  The  number 
of  PMD  per  model  was  10,000.  Table  11  and  Figure  12a,  12b,  12c 
show  the  results  of  these  simulations. 


Figure  12a.  Simulated  PMD  of  a  400km  network 
constructed  with  Cable  A 
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Figure  12b.  Simulated  PMD  of  a  400km  network 
constructed  with  Cable  B 
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Figure  12c.  Simulated  PMD  of  a  400km  network 
constructed  with  Cable  C 

From  these  results  and  calculations,  we  can  see  that  the  PMD 
performances  of  each  cable  type  are  quite  stable  and  enough 
adequate  for  use  with  40Gb/sec  transmission. 

8.  Conclusions 

We  investigated  the  PMD  performance  of  3  different  types  of 
reduced  slope  NZDF  cable  representing  the  most  commonly  used 
Japanese  cable  types.  On  the  basis  of  these  results,  the  most 
significant  factor  affecting  PMD  of  installed  Japanese  spec  slotted 
core  cable  is  environmental  temperature  variability.  The  single 
slotted  core  cable  structure  is  sensitive  to  this  effect  because  of  the 
fiber/cable  interaction.  The  instantaneous  PMD  seems  to  depend 
more  on  the  cable  design,  e.g.  filled  vs.  unfilled,  than  on  the 
stranding  conditions.  In  addition,  our  experimental  results  show 
that  each  of  the  three  types  of  slotted  core  cable  is  suitable  for  use 
in  long  haul  high  bit-rate  transmission  networks.  It  is  therefore 
anticipated  that  the  use  of  this  type  of  terrestrial  cable  will 
continue  to  increase  with  the  further  deployment  10  Gb/sec 
systems  and  the  imminent  introduction  of  40Gb/sec  transmission 
networks. 
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Abstract 

In  this  paper,  we  show  the  role  gage  capability  studies 
play  in  assessing  overall  process  capability  and  outline 
the  steps  to  perform  the  study.  We  also  show  the 
importance  of  understanding  the  components  of 
variation  in  the  overall  process  and  how  to  improve 
the  process  based  on  information  from  a  gage 
capability  analysis.  The  steps  for  performing  an 
analysis  are  illustrated,  and  an  example  is  given  where 
an  optical  comparator,  a  video  macroscope,  and  a 
machine  vision  system  for  measuring  cable  end 
samples  are  compared  and  evaluated. 
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1.  Introduction 

Cable  manufacturers  rely  on  the  accuracy  of  their 
measurements,  and  customers  rely  on  that  accuracy  as 
well.  Cable  design  specifications  ensure  that  cables 
meeting  the  specifications  will  perform  well  in  the 
field.  Cost  conscious  manufacturers  strive  to  make 
every  cable  as  close  as  possible  to  the  specification 
limit  and  cannot  afford  to  throw  away  acceptable 
cables  nor  ship  unacceptable  cables.  Therefore 
measurement  accuracy  is  vital.  Measurement  devices 
are  calibrated  on  a  strict  schedule,  yet  the  variation  of 
the  measurements  may  receive  little  or  no  attention, 
for  manufacturers  assume  that  the  results  from  their 
measurement  devices  are  correct.  Consider  a  cable 
manufacturing  process  that  has  just  been  evaluated  as 
being  incapable ,  that  is,  its  variation  is  high  with 
respect  to  its  tolerance  limits.  It  has  been  determined 
that  the  only  way  to  make  the  process  capable  is  to 
reduce  the  process  variation.  Reducing  the  variation 
within  the  product  is  no  easy  task  and  often  requires 
time  and  money.  What  if  a  significant  proportion  of 
the  process  variation  was  due  to  the  measurement 
process?  Wouldn’t  that  be  easier  to  reduce? 

A  gage  capability  study  is  a  useful  tool  for  pinpointing 
the  sources  of  high  variation,  whether  a  source  is 
within  the  device  itself  or  within  the  people  who  are 
using  the  device.  It  can  also  be  used  to  determine 
whether  or  not  the  measurement  error  is  reasonable 
with  respect  to  the  specification  or  tolerance  limits. 


When  the  error  is  too  high,  then  the  measurement 
process  must  be  remedied.  Gage  capability  studies 
are  very  useful  in  comparing  measurement  devices, 
procedures,  working  conditions,  and  training  methods. 
This  will  ensure  that  the  cable  manufacturer  is  using 
the  best  device  for  the  cost.  Finally,  the  studies  are 
also  useful  as  supplementary  information  to  a  process 
capability  analysis.  If  the  process  variation  is  too 
high,  a  gage  capability  analysis  can  help  determine 
whether  or  not  the  process  variance  can  be  improved 
by  changing  the  measurement  process. 

In  the  following  section  the  components  of  variation 
will  be  presented,  and  the  concepts  of  process 
capability  and  gage  capability  will  be  explained. 
The  third  section  outlines  the  procedure  for 
performing  a  gage  capability  study,  and  the  fourth 
section  presents  an  example  case  of  comparing  two 
devices  that  measure  cable  end  samples. 


2.  Components  of  Variation 

A  manufacturing  process  is  said  to  be  capable  if  a 
small  percentage  of  manufactured  items  fail  to  meet 
the  specifications.  Note  that  the  user  is  allowed  to 
control  the  definition  of  small.  However,  for  reasons 
explained  below,  processes  with  normally  distributed 
data  are  generally  considered  capable  if  less  than 
0.27%  of  the  items  fall  outside  the  specification  limits. 
Figure  1  below  depicts  the  distribution  of  three 
processes  with  respect  to  their  specification  limits. 
The  first  process  is  capable.  The  second  process  is  not 
capable  because  it  is  off-centered,  and  the  third 
process  is  not  capable  because  its  variation  is  too  high. 
USL  and  LSL  are  the  upper  and  lower  specification 
limits  respectively. 


The  natural  tolerance  limits  of  a  normally  distributed 
process  with  mean  p  and  standard  deviation  a  are 
defined  as  the  upper  and  lower  3  a  boundaries.  The 
percentage  of  the  total  distribution  that  exceeds  these 
bounds  is  0.27%.  Hence,  99.73%  of  the  population 
falls  within  a  range  of  width  6  a.  Therefore  if  no  more 
than  0.27%  of  items  from  the  process  fail  to  meet  the 
specifications,  then  the  process  is  said  to  be  capable. 
The  process  capability  ratio  (denoted  PCR  or  cp  in 
different  texts)  is  defined  as 


PCR  =  cp  = 


USL  -  LSL 
6a 


(1) 
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Figurel.  Process  Distributions  of  a  (a) 
capable  process  (b)  off-center  mean  (c) 
large  variance 

The  process  is  capable  when  the  ratio  is  equal  to  or 
greater  than  1 . 


For  non-centered  processes,  capability  is  measured  as 


PCRk  =  cpk  =  min 


ju-LSL 
3  a 


USL-ju ) 
3a  )' 


(2) 


Note  that  processes  with  only  one  specification  limit 
use  the  same  method  for  determining  capability  where 


PCRjj  -  cpv  - 


USL-ju 


3(7 


(3) 


and 


PCRL  ~  cpL 


p-LSL 

3(7 


(4) 


When  the  process  is  not  centered  between  the 
specification  limits,  then  PCR  measures  potential 
capability ,  meaning  that  this  is  the  best  this  process 
can  achieve  without  reducing  the  process  variation. 


For  example,  if  a  process  has  a  PCR  of  1.05,  but  a 
PCRk  of  0.85,  then  it  requires  a  shift  in  the  mean  to 
become  capable.  Changes  in  the  mean  are  often  easy 
to  control.  However,  if  PCR  equals  0.90,  then  the 
process  will  not  be  capable  after  an  appropriate  shift  in 
the  mean.  This  process  will  require  a  reduction  in 
process  variance  in  order  to  become  capable. 

Any  variation  between  items  from  the  same 
manufacturing  process  is  understood  to  be  the  natural 
variation  of  the  product.  This  observed ,  process  or 
total  variation  is  often  referred  to  as  process  noise. 
However,  this  noise  has  several  components.  In 
addition  to  the  product  variation,  there  is  a  variation 
due  to  the  measurement  device,  called  gage  or 
measurement  variation  where 

2  _  2  +  2  (5; 

u  total  U  product  U  gage  ' 


It  is  important  that  cable  manufacturers  know  the 
sources  of  variation  in  their  measurements  so  that  they 
can  address  the  appropriate  sources  in  order  to  reduce 
the  observed  variation.  When  the  measurement  error 
is  small  with  respect  to  the  product  variation,  then  a 
reduction  in  measurement  error  will  not  have  a  large 
impact  on  the  total  variation,  and  hence  on  the  process 
capability.  When  the  measurement  error  is  large,  then 
there  is  an  opportunity  to  reduce  the  observed  noise 
without  having  to  change  the  manufacturing  process. 
The  definition  of  large  and  small  here  is  subjective, 
depending  on  the  particular  manufacturing  situation. 
However,  there  is  a  standard  rule  of  thumb  to 
comparing  the  measurement  error  to  the  specification 
limits.  Individual  measurements  are  often  well 
characterized  by  a  normal  distribution,  so 
measurements  can  be  expected  to  vary  by  ±3<jgage. 
The  ratio  of  6<rgage  to  the  range  of  the  specification 
limits  is  called  the  precision  to  tolerance  ratio,  where 

p  6cr  (6) 

T  USL  -  LSL  ' 

If  the  precision  to  tolerance  ratio  is  less  than  0.10,  then 
the  gage  is  considered  to  be  capable.  Note  the 
difference  between  process  capability  and  gage 
capability.  Process  capability  describes  the  entire 
process  and  depends  on  the  distribution  of  the 
observed  data  and  the  specification  limits.  It  reflects 
how  well  the  specifications  are  met  and  includes  gage 
performance.  Gage  capability  depends  on  the  variance 
of  the  gage  and  the  specification  limits.  It  only 
reflects  the  adequacy  of  the  measurement  process. 

The  gage  variation  can  have  several  components  itself: 
repeatability  variation  is  the  source  of  variation  within 
the  device,  and  reproducibility  variation  is  due  to 
different  people  using  the  device,  where 

2  2  2  ,  2  (7) 

°  gage  v  measurement  ®  repeatability  ® reproducibility 


so  that 
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2  2  .2  ,2  (8) 
a  total  °  product  ° repeatability  a  reproducibility  ■ 


When  the  measurement  variation  is  too  high,  it  is  often 
the  case  that  only  one  component  is  inflated. 
Reduction  of  these  noise  sources  requires  different 
approaches.  Repeatability  error  is  the  error  associated 
with  the  measurement  device  itself.  Therefore  the 
most  obvious  approach  to  reducing  repeatability  error 
is  to  replace  the  measurement  device.  However, 
before  changing  to  a  new  device,  investigate  the 
possibility  of  changing  the  standard  method  of  using 
the  device  such  as  settings,  instructions  for  gage 
usage,  sample  preparation,  and  the  environment  in 
which  measurements  are  taken.  Compare  your 
procedures  with  the  device  manufacturer’s 
recommendations. 


Reproducibility  is  the  error  associated  with  the 
differences  in  the  way  different  operators  use  the 
measurement  device.  This  source  of  variation  can  be 
significant  when  the  person  is  required  to  make 
judgments,  such  as  a  visual  alignment.  But  other 
places  where  the  operators  can  significantly  diverge  is 
in  sample  preparation,  test  set-up,  device  settings,  and 
gage  usage.  Reproducibility  can  often  be  improved 
through  standardizing  methods  and  retraining. 


3.  Repeatability  and  Reproducibility 
Studies 

The  key  to  estimating  measurement  error  is  having 
multiple  measurements  on  the  same  item  from  the 
same  person  or  persons.  An  essential  requirement  is 
that  the  measurements  be  blind ,  meaning  that  there  is 
no  memory  of  previous  measurements.  If  an  operator 
performs  all  required  measurements  of  a  sample  at  one 
time,  then  it  is  extremely  likely  that  the  measurement 
error  will  be  dramatically  underestimated.  The  results 
will  be  remembered,  and  the  sample  set-up  will  be  the 
same.  If  each  set-up  and  measurement  is  performed 
blind  to  previous  measurements,  then  the  experiment 
will  reflect  true  measurement  variation.  Therefore  it  is 
recommended  that  a  sufficiently  long  length  of  time 
elapse  between  each  set  of  measurements,  such  as  one 
day,  and  there  should  be  no  access  to  any  previous 
results  while  measurements  are  being  taken. 
Additionally,  the  order  in  which  the  samples  are 
measured  should  be  randomized  for  each  set. 

There  are  two  main  methods  of  estimating  the 
components  of  variation  in  gage  capability  studies,  the 
range  method  and  the  sum  of  squares  method.  The 
range  method  is  described  here  and  is  the  more 
traditional  and  simple  method.  The  sum  of  squares 
method  is  similar  to  sample  standard  deviations  and  is 
not  complicated  for  one  experienced  in  ANOVA  table 
methodology  [1]  and  is  an  option  in  statistical 
software  packages  that  perform  gage  capability  studies 
[2].  However  it  is  generally  accepted  that  the  range 
method  performs  at  least  as  well  as  the  sum  of  squares 
method  for  estimating  variance  when  the  number  of 
trials  and  operators  are  each  less  than  ten  and  the  data 


is  normally  distributed.  In  most  circumstances,  a 
thorough  gage  capability  study  does  not  require  that 
many  observations  so  the  range  method  of  estimation 
will  almost  always  be  appropriate. 

It  is  well  known  in  statistical  literature  that  there  is  a 
relationship  between  the  range  of  a  sample  from  a 
normally  distributed  population  and  the  standard 
deviation  [3].  In  fact,  the  ratio  of  the  range  to  the 
standard  deviation,  the  relative  range ,  has  a  known 
distribution.  Through  this  relationship,  it  is  possible  to 
estimate  the  standard  deviation  of  a  population  from 
the  range  of  a  sample.  This  technique  is  used  to  create 
standard  X  and  R  statistical  process  control  charts 
where  the  standard  deviation  is  estimated  by 

R  (9) 

a  - - , 

d2{h) 

where  d2(h)  is  the  mean  of  the  relative  range  and  is  a 
function  of  the  sample  size,  h.  All  quality  control 
textbooks  or  handbooks  should  have  a  table  that  shows 
d2(h). 


In  order  to  estimate  each  of  the  variation  components, 
repeatability,  reproducibility,  and  product  variance,  n 
objects  must  be  measured  m  times  by  p  operators.  For 
each  object  and  operator,  calculate  the  range  of  the  m 
measurements 


Ry  =  max)*,-,* )  -  mm(xijk ),  (10) 


for  i  =  1 y  =  1 and  k  =  1  Then,  for 
each  operator  calculate  the  average  range. 


ZRy 

M _ 

n 


(ii) 


Next  calculate  the  overall  average  range 


R  = 


P 


The  repeatability  component  is  estimated  as 


R 

<7  repeatability  ^(w)- 


(12) 


(13) 


Note  that  the  sample  size  used  to  create  each  of  the 
ranges  is  the  number  of  times  each  item  was  measured 
per  operator,  m. 


The  reproducibility  component  is  a  function  of  the 
range  of  average  measurements  across  all  operators. 
For  each  object  and  operator,  calculate  the  average  of 
the  m  measurements 
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I >y* 

k  =  l 


and  the  total  average  for  each  operator, 


2>y 

n 


(14) 


(15) 


analyze  a  gage  repeatability  and  reproducibility  study 
automatically  and  can  estimate  the  variance 
components  with  the  range  method  or  with  the  sum  of 
squares  method.  The  packages  provide  graphs  and 
other  features  that  compliment  the  basic  analysis. 
Such  features  will  be  shown  in  the  next  section  to 
demonstrate  how  a  gage  repeatability  and 
reproducibility  study  was  used  to  evaluate  three 
devices  used  in  end  sample  inspection. 


Finally  calculate  the  range  of  the  p  total  averages, 

R=  -  max(jcj)  -  min(jt/) . 

X 

The  reproducibility  component  is  estimated  as 

R=  (17) 

°  reproducibility  ^  (p) 

The  sample  size  used  for  this  estimate  is  the  number  of 
operators,/?,  because  R=  is  the  range  of  the  p  operator 

average  measurements. 


The  measurement  error  is  then 

-2  =  p_2  2.2 

°  gage  &  repeatability  " reproducibility  • 


(18) 


The  variation  within  the  product  is  a  function  of  the 
range  of  the  average  measurement  across  all  trials  and 
operators.  Let 

p_  <19) 

2>y 


and 

R parts  =  ma x(Xj  )  -  min(Ty  )  .  (20) 

Therefore 

R  parts  (21> 

<Tproduct  ~  d2(n)  ' 


Here,  the  sample  size  is  n  because  the  range  is 
calculated  from  the  averages  of  each  of  the  n  parts. 


The  total  variation  is  then 


~2  =  /^2  i  Cl 2  (22) 

°  total  °  product  ° gage  • 

Refer  to  the  example  in  Appendix  A  for  calculation 
demonstrations.  At  this  point  the  precision  to 
tolerance  ratio  can  be  calculated  to  assess  gage 
adequacy  with  respect  to  the  specifications,  and  the 
various  components  can  be  compared  to  determine 
where  improvement  projects  should  be  focused. 


Though  the  equations  for  all  the  calculations  are  given 
here,  and  they  are  not  complicated  to  follow,  most 
statistical  process  control  software  packages  will 


4.  Cable  End  Sample  Inspection 
Example 

Cables  undergo  a  rigorous  inspection  procedure  to 
ensure  that  outgoing  cable  quality  is  high.  Part  of  the 
inspection  process  is  a  verification  that  the  cables  meet 
the  dimensional  requirements.  The  verification 
includes  both  on-line  measurements  and  cable 
sampling.  Samples  cut  from  the  cables  are  measured, 
recorded,  and  tracked  through  statistical  process 
control  techniques. 


Traditionally,  the  end  samples  are  measured  using  an 
optical  comparator.  When  we  needed  new 
measurement  systems,  we  decided  to  look  at  other 
technologies  in  addition  to  existing  systems  to 
improve  ease  of  use  while  maintaining  or  improving 
the  measurement  accuracy  and  precision.  In  addition, 
reducing  the  measurement  time  was  also  desirable. 
The  other  systems  available  for  analysis  were  a  video 
macroscope  and  a  machine  vision  system. 

The  optical  comparator  is  an  analog  device.  The 
device  has  infinite  resolution  but  poor  image  clarity. 
Operators  are  required  to  make  judgments  and 
alignments  during  use.  The  video  macroscope  is  a 
digital  device  and  operates  similarly  to  the  optical 
comparator  in  that  the  operators  make  the  same 
judgments  and  alignments.  However,  the  video 
macroscope  has  much  better  image  clarity,  but  poorer 
resolution.  The  last  option  considered  is  a  machine 
vision  system.  As  with  the  other  devices  the  operator 
is  required  to  prepare  the  sample  and  place  it  in  the 
appropriate  fixture,  but  with  this  system  the  device 
makes  the  measurements.  It  is  also  a  digital 
technology,  but  greater  resolution  can  be  achieved  by 
interpolating  between  pixels,  also  known  as  sub- 
pixelizing.  While  image  clarity  for  the  operator  is  not 
an  issue,  sample  lighting  is  the  key  to  reliable  and 
accurate  measurements.  The  machine  vision  device 
can  make  many  measurements  in  a  small  amount  of 
time,  whereas  the  manual  methods  take  more  time. 
This  enables  us  to  take  more  measurements  than  we 
normally  would  with  a  human.  The  main  aspects  of 
the  three  technologies  are  compared  in  Table  1  below. 


Table  1.  Technology  Comparison 
Optical  Video  Machine 

Comparator  Macroscope  Vision 


Illii«!li  Machine 

..  .  RR  S’!’  ■«»«  yvv>',*U»3i: 

Analog  ,  Digital  I 
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For  simplicity  of  illustration,  the  device  comparison 
has  been  limited  to  the  consideration  of  three 
variables.  The  first  variable  is  the  outside  cable 
diameter.  The  second  and  third  variables  are  the  core 
tube  outside  and  inside  diameters  respectively.  All 
variable  measurements  have  undergone  a 
transformation  that  will  not  affect  the  conclusions,  but 
will  protect  the  privacy  of  the  process  data. 

Appropriate  steps  were  taken  to  ensure  that  the 
measurements  were  blind.  Twenty  end  samples  from 
twenty  cables  of  the  same  design  were  collected. 
These  samples  were  stored  in  a  divided  tray  with 
twenty  numbered  slots  for  the  samples,  so  that  the 
samples  could  be  identified  without  marking  the 
specific  sample.  For  the  manual  devices,  two  people 
were  present  when  measurements  were  taken.  One 
person  took  the  measurements,  and  the  other  person 
recorded  the  results  and  kept  track  of  the  samples. 
Neither  person  had  access  to  any  previous 
measurements.  With  the  machine  vision  device,  the 
data  was  stored  as  the  measurements  were  made. 
Needless  to  say,  the  device  was  blind  to  its  own 
previous  measurements. 

One  distinct  advantage  of  using  a  software  package  to 
analyze  the  results  of  such  a  study  is  the  graphical 
features  available.  If  a  specialized  software  package  is 
not  available,  then  plots  can  be  made  with  spreadsheet 
software.  Plots  that  compare  the  spread  of  the 
measurements  and  any  differences  between  the 
operators  can  be  very  useful  in  interpreting  the  results. 
For  example,  suppose  the  reproducibility  component 
of  variance  was  very  high,  a  graphical  representation 
of  the  data  would  show  whether  or  not  it  was  due  to  a 
few  outliers  or  if  the  operators  were  indeed  measuring 
the  samples  in  different  ways. 

Several  plots  generated  for  the  analysis  follows.  The 
first  set,  Figures  2-4,  compares  the  variability  within 
the  three  operators.  It  shows  the  range  of  the  three 
trials  for  each  part  and  operator.  One  plot  is  generated 
for  each  measurement  device.  The  scale  is  not  shown, 
but  it  is  the  same  for  all  three  graphs. 


Repeatability  &  Reproducibility  Summary  Plot 
Jacket  OD  Optical  Comparator 


OPERATOR 


Figure  2.  Repeatability  and 
Reproducibility  Plot  of  Jacket  Outside 
Diameter  Optical  Comparator 


Repeatability  &  Reproducibility  Summary  Plot 
Jacket  OD  Video  Macroscope 


OPERATOR 


Figure  3.  Repeatability  and 
Reproducibility  Plot  of  Jacket  Outside 
Diameter  Video  Macroscope 


Repeatability  &  Reproducibility  Summary  Plot 
Jacket  OD  Machine  Vision 


OPERATOR 


Figure  4.  Repeatability  and 
Reproducibility  Plot  of  Jacket  Outside 
Diameter  Machine  Vision 

The  next  set  of  plots,  Figures  5-7,  shows  the  average 
of  the  three  measurements  per  part  for  each  operator. 
It  is  useful  in  seeing  differences  between  the 
operators.  Again,  the  scale  is  the  same  for  each  graph 
in  the  set. 


Plot  of  Average  Measurements  by  Operator  and  Part 
Jacket  OD  Optical  Comparator 


1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20 


SAMPLE 

Figure  5.  Average  Measurement  by 
Operator  per  Part:  Optical  Comparator 
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Plot  of  Average  Measurements  by  Operator  and  Part 
Jacket  OD  Video  Macroscope 


Figure  6.  Average  Measurement  by 
Operator  per  Part:  Video  Macroscope 


Plot  of  Average  Measurements  by  Operator  and  Part 
Jacket  OD  Machine  Vision 


Figure  7.  Average  Measurement  by 
Operator  per  Part:  Machine  Vision 


These  graphs  show  several  important  things.  First,  the 
machine  vision  system  has  the  lowest  variance.  It  is 
significantly  more  consistent  than  the  other  devices. 
Figures  2-4  show  that  the  largest  deviation  from  the 
average  value  is  about  one  unit  for  the  machine  vision, 
but  is  closer  to  five  for  the  optical  comparator  and  four 
for  the  video  macroscope.  Figures  5-7  show  that  for 
the  machine  vision  system  there  is  very  little 
difference  between  the  operators,  whereas  it  is 
apparent  that  the  operators  measure  the  samples 
differently,  or  there  is  a  bias  when  using  the  other 
devices.  For  example,  with  the  optical  comparator 
Operator  1  tends  to  have  the  highest  measurement,  and 
Operator  2  tends  to  have  the  lowest.  The  human- 
dependent  devices  require  the  operators  to  make  the 
actual  measurements,  and  though  they  have  received 
the  same  instruction  on  measurement  methods,  it  is 
natural  that  each  has  his  or  her  own  tendencies.  The 
machine  vision  system  is  not  subject  to  the  same 
degree  of  bias  between  operators  because  the  operator 
places  the  sample  in  a  fixture,  and  the  machine  does 
the  rest.  Any  significant  differences  between  the 
operators  would  be  in  sample  preparation  and 
placement.  The  actual  standard  deviation  estimates 
are  in  Tables  2-4  below. 


Table  2.  Jacket  Outside  Diameter 


Optical 

Comparator 

Video 

Macroscope 

Machine 

Vision 

®  repeatability 

1.93 

1.63 

0.52 

®  reproducibility 

1.53 

0.71 

0.17 

®  product 

0.87 

1.08 

1.38 

O  total 

2.61 

2.08 

1.48 

Table  3.  Core  Tube  Outside  Diameter 


Optical 

Comparator 

Video 

Macroscope 

Machine 

Vision 

G repeatability 

4.04 

4.47 

1.89 

&  reproducibility 

0.69 

0.81 

0.13 

G  product 

2.48 

2.64 

2.87 

®  total 

4.79 

5.25 

3.44 

Table  4.  Core  Tube  Inside  Diameter 


Optical 

Comparator 

Video 

Macroscope 

Machine 

Vision 

® repeatability 

4.23 

4.62 

0.96 

&  reproducibility 

1.54 

1.66 

0.06 

&  product 

2.24 

2.51 

3.11 

O  total 

5.03 

5.52 

3.25 

For  all  of  the  variables,  the  machine  vision  system  has 
a  drastically  reduced  measurement  error  and  of  course, 
a  more  desirable  total  variance.  However,  in  each 
case  the  estimate  of  the  product  or  part  to  part  variance 
is  higher.  Because  the  same  samples  were  measured 
repeatedly,  the  actual  product  variance  can  neither 
decrease  nor  increase  with  operator  or  measurement 
device.  However,  much  of  the  variance  between  the 
end  samples  with  the  other  systems  was  masked  by  the 
large  measurement  error.  This  is  clearly  seen  in 
Figures  5-6.  When  the  measurement  error  is  small, 
the  true  variance  between  the  end  samples  is  seen  and 
may  be  captured  by  the  estimate.  When  the 
measurement  error  is  large,  differences  between  parts 
are  difficult  to  detect.  Therefore,  another  important 
comparison  to  make  is  what  percent  is  the 
measurement  error  of  the  total  observed  error?  The 
results  are  in  Table  5  below.  With  the  optical 
comparator  and  the  video  macroscope  the 
measurement  error  explains  more  than  70%  of  the 
total  variance.  With  the  machine  vision  system,  the 
measurement  error  explains  9%  to  30%  of  the  total. 
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Table  5.  Measurement  Error  as  a  Percent 
of  Total  Variation 


Optical 

Comparator 

Video 

Macroscope 

Machine 

Vision 

Jacket  OD 

89.0 

73.1 

13.7 

Core  Tube  OD 

73.2 

74.9 

30.3 

Core  Tube  ID 

80.1 

79.1 

8.8 

Though  not  shown  here,  the  precision  to  tolerance 
ratio  in  Equation  6  was  calculated  for  each  of  the 
variables,  and  all  were  at  acceptable  levels  of  less  than 
0.10  using  the  machine  vision  system.  This  means 
that  the  degree  of  variation  that  arises  from  use  of  the 
machine  vision  system  is  capable  with  respect  to  the 
variable  specifications,  and  that  the  system  would  be 
an  acceptable  choice. 

In  this  example,  the  purpose  of  the  study  was  to  select 
a  measurement  device  to  purchase.  This  should  not  be 
done  without  examining  its  impact  on  process 
capability.  A  measurement  process  that  reduces  the 
overall  variation  will  have  a  positive  impact  on 
process  capability,  so  it  is  important  to  note  the 
improvement  in  process  capability.  The  results  may 
be  helpful  in  performing  a  cost/benefit  analysis  of 
changing  the  measurement  process.  Though  our 
process  was  already  considered  capable,  Table  6 
illustrates  the  dramatic  improvement  the  machine 
vision  system  has  on  the  overall  capability  of  the 
process. 


Table  6.  Improvement  in  Process 
Capability 


%  Improvement 

Jacket  OD 

12 

Core  Tube  OD 

107 

Core  Tube  ID 

55 

5.  Conclusion 

A  gage  capability  analysis  is  an  important  tool  in  the 
overall  process  capability  analysis.  If  the  process  is 
not  capable  and  the  variance  of  the  process  must  be 
reduced,  a  gage  capability  analysis  is  the  best  next 
step.  It  quantifies  the  components  of  variance  and 
one  can  discern  whether  or  not  the  measurement 
process  is  a  major  contributor  to  the  overall  process 
capability  problems.  If  that  is  the  case,  then  the 
analysis  also  pinpoints  whether  the  problems  are 
operator  or  measurement  device  specific.  If  the  task 
at  hand  is  to  select  a  measurement  device  or 
procedure,  then  a  gage  capability  analysis  is  useful  in 
making  comparisons  as  shown  in  the  example  of  cable 
end  sample  inspections.  In  looking  to  purchase  more 
measurement  devices,  three  technologies  were 
compared,  the  current  method  of  measurement  and 
two  other  technologies.  The  study  showed  that  a 
machine  vision  system  had  the  lowest  measurement 
and  overall  variance  and  met  the  requirement  of  gage 
capability,  leading  to  improved  process  capability. 
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Appendix  A 

Calculation  Example 


Operator  1 

Operator  2 

xi 

Part 

Measurement 

Rij 

Measurement 

R2j 

Number 

1 

2 

XM 

1 

2 

X2j 

1 

49 

50 

49.5 

1 

50 

51 

50.5 

1 

50.0 

2 

45 

44 

44.5 

1 

45 

44 

44.5 

1 

44.5 

3 

54 

54 

54.0 

0 

51 

51 

51.0 

0 

52.5 

4 

53 

51 

52.0 

2 

53 

52 

52.5 

1 

52.3 

5 

48 

49 

48.5 

1 

49 

48 

48.5 

1 

48.5 

6 

49 

48 

48.5 

1 

50 

49 

49.5 

1 

49.0 

7 

49 

50 

49.5 

1 

49 

49 

49.0 

0 

49.3 

8 

57 

57 

57.0 

0 

55 

53 

54.0 

2 

55.5 

9 

52 

51 

51.5 

1 

52 

50 

51.0 

2 

51.3 

10 

48 

49 

48.5 

1 

48 

49 

48.5 

1 

48.5 

xi  =50.3 
R ,  =0.9 

x2  =49.90 

R2=l.O 

' repeatability’ 


i(.9  +  1.0) 

-  =  ^ - =  .842 

1.128 


d2(2)  =  1.128. 

It’s 

based  on  a  sample 

size 

of  2  because 

each 

operator  measured 

each 

part  twice. 

R= 

Z.  _ _ x_ 

u  reproducibility  , 
d 2 


(50.35-  49.90) 

d2(2)  =  1 . 128.  It’s  based  on  a 

1.128  ^ - 

sample  size  of  2  because 

there  are  2  operators  ( R=  is 

X 

based  on  two  observations). 

w2a2  a  2  2  2 

^ go ge  ~  ® repeatability  +  ® reproducibility  ~  *842  +  .399  -  .868 

agage  =  </868  =  .932 

_  Rparts  _  55.5  -  44.5  _  ,  „ 

°  product-  d2  -  3  0784  3-57 - 

®  total  ~  ® product  +  &  gage  ~  ^*57  +  .868  =  13.64 

ot0tai  =Vll64=3.69 


d2(10)  =  3.078. 

It’s 

based  on  a  sample  size 

of  1 0  because 

the 

averages  of  10 

parts 

were  used  to  calculate 

this  range. 
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Abstract 

Optical  glass  fibers  are  typically  formed  by  heating  and  drawing 
under  tension  a  preform  of  silica  glass  in  a  concentric,  cylindrical 
graphite  furnace.  The  primary  modes  of  energy  transport  are  the 
radiative  and  the  convective  heat  exchange  of  the  furnace  wall  with 
the  inert  gas  inside  the  heating  zone.  The  main  objective  of  the 
present  work  is  to  simulate  the  neck-down  profile  of  the  fiber  as  a 
function  of  the  operating  variables  such  as  draw  speed  and  inert  gas 
velocity.  The  2-D  axi-symmetric,  laminar  flows  of  the  glass 
perform/fiber  and  the  inert  gas  are  simulated  using  the  finite  element 
method.  The  simulation  couples  heat  and  momentum  transport  in 
the  fiber  with  that  in  the  gas  through  the  boundary  conditions  on  the 
fiber  surface.  The  diameter  of  the  glass  fiber  is  predicted  by 
employing  a  deforming  mesh  free  surface  approach.  Temperature 
dependence  of  key  material  properties  of  the  fiber  is  taken  into 
account.  The  commercial  computational  fluid  dynamics  (CFD) 
program,  FIDAP  (Fluent  Inc.,  Lebanon,  NH),  is  used  to  obtain  the 
results  presented. 

Keywords 

Optical  fiber;  glass  fiber;  fiber  drawing;  radiation;  FIDAP. 

Introduction 

Knshnan  and  Glicksman  [1]  were  one  of  the  first  researchers  to 
perform  analytical  and  experimental  studies  to  study  the  transport 
processes  in  a  heated  free  jet.  They  used  a  pre-specified  radially 
lumped  temperature  distribution  and  a  two-dimensional  velocity 
distribution  with  an  assumed  profile  to  generate  the  shape  of  the  jet. 
Kase  and  Matsuo  [2],  and  Brown  [3]  performed  one-dimensional 
analyses  of  the  fiber  formation  from  glass  flowing  through  a  nozzle 
rather  than  from  a  preform  in  the  furnace.  Since  these  studies  were 
conducted  by  treating  the  glass  flow  as  a  jet,  they  have  limited 
applicability  in  the  present  day  optical  fiber  production.  Paek  and 
Runk  [4]  experimentally  and  numerically  investigated  the  fiber 
drawing  process  by  assuming  a  heat  flux  distribution  at  the  furnace 
and  employing  a  radiation  model  to  determine  the  radiative  heat 
input  at  the  glass  surface.  Employing  the  Rosseland  approximation 
for  an  optically  thick  medium,  lumped  axial  velocity  and 
temperature  distributions,  and  a  specified  heat  transfer  coefficient  at 
the  fiber  surface,  they  studied  the  thermal  transport  in  the  optical 
fiber  drawing  process.  Myers  [5]  concentrated  specifically  on  the 
disturbances  that  may  occur  in  the  fiber  drawing  process  ignoring 
inertia,  gravity,  and  surface  tension.  Both,  Peak  and  Runk  [4]  and 
Myers  [5]  investigated  flow  only  in  the  glass  region  excluding  that 
in  the  gas.  Kaminsky  [6]  was  amongst  the  first  researchers  to  model 


the  radiative  heat  transport  in  the  neck-down  region  without  using 
Rosseland  approximation.  In  her  study,  she  employed  the  PI 
approximation  for  the  radiative  transfer  in  the  glass,  but  her  model 
only  considered  the  upper  neck-down  region  where  the  diameter  is 
relatively  large.  In  addition,  a  two-dimensional  model  was 
introduced  for  analyzing  the  glass  and  gas  flows  and  radiation. 
Chaudhury  et.  al.  [7]  have  used  the  zonal  method  instead  of  the 
Rosseland  approximation  to  model  radiation  and  have  studied  the 
conjugate  problem  involving  both  glass  and  the  glass.  In  order  to 
solve  the  resulting  transport  equations,  they  used  a  false  transient 
scheme  coupled  with  an  alternating  direction  implicit  (ADI) 
approach.  In  this  approach,  a  radial  lumping  of  the  axial  velocity  is 
employed  for  the  purposes  of  simplifying  the  iterative  scheme. 

The  present  work  extends  the  applicability  of  a  deforming  mesh  free 
surface  approach  to  relatively  high  draw  ratios.  Kaminsky  [6]  used 
this  approach  to  simulate  a  fiber  profile  for  a  draw  ratio  of  100, 
whereas  in  this  work  results  are  presented  for  draw  ratios  of  144  and 
576.  Furthermore,  a  systematic  procedure  to  obtain  stable  solutions 
for  the  fiber  profile  is  presented,  which  is  expected  to  make  even 
higher  draw  ratios  accessible  by  the  deforming  mesh  approach.  The 
algorithm  employed  in  FIDAP  for  modeling  free  surfaces  uses  an 
“Arbitrary  Lagrangian  Eulerian  (ALE)”  description  where  the  mesh 
is  moved  at  a  velocity  different  than  that  of  the  material.  In  this 
approach,  no  ad  hoc  assumption/approximation  is  made  while 
updating  the  free  surface  location  during  the  solution  phase. 

The  organization  of  the  paper  is  as  follows:  First  the  problem  is 
described  in  Section  1 .  Governing  equations  and  boundary 
conditions  are  presented  in  Section  2.  The  finite  element 
formulation  is  described  briefly  in  Section  3.  Section  4  deals  with 
the  solution  strategy.  Results  and  discussion  are  presented  in  Section 
5  and  conclusions  are  drawn  in  Section  6. 

1.  Problem  Description 

The  schematic  of  a  typical  optical  fiber  drawing  process  is  shown  in 
Figure  1.  As  the  glass  preform  is  drawn  vertically  through  the 
furnace,  its  temperature  increases  as  it  gains  heat  due  to  the  radiative 
transport  and,  thus,  its  viscosity  decreases.  Under  the  action  of 
tension,  the  diameter  of  the  fiber  decreases  as  well.  An  inert  gas  is 
introduced  either  in  a  concurrent  or  a  countercurrent  direction  with 
respect  to  the  motion  of  the  preform.  Among  the  main  quantities  of 
interest  are  the  final  fiber  diameter  resulting  from  the  given 
processing  conditions  as  well  as  the  temperature  distribution  in  the 
furnace  and  within  the  fiber.  Conversely,  it  is  also  of  interest  to 
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know  the  tension  in  the  fiber  required  to  obtain  the  desired  fiber 
diameter. 

As  shown  in  Figure  1,  Rin  is  the  radius  of  the  preform  at  the  entrance 
of  the  furnace  and  Rout  is  the  final  radius  of  the  fiber  at  the  exit.  The 
preform  enters  the  furnace  with  a  velocity  uinglass  and  temperature 
Ting!ass.  The  inert  gas  enters  the  furnace  at  a  temperature  Tin>gas  with  a 
velocity  uinigas .  The  furnace  is  assumed  to  have  a  parabolic 
temperature  profile  with  the  maximum  temperature,  Tf  max,  in  the 
center  and  minimum  temperature,  Tf  mitv  at  the  entrance  and  the  exit. 
Rout  and  u0Utiglass  are  the  radius  and  the  velocity  of  the  fiber  at  the 
exit,  respectively.  Similarly,  u0Utygas  is  the  velocity  of  the  inert  gas  at 
the  exit.  The  geometrical  parameters  and  the  boundary  conditions 
are  summarized  in  Table  1. 


Figure  1.  Schematic  representation  of  a  typical 
optical  fiber  drawing  process 

Table  1.  Geometrical  Parameters  and  Boundary 
conditions 


R, 

0.019  m 

T in, glass 

1900  K 

Rin 

0.006  m 

T 

1  in, gas 

1900  K 

Rout 

0.0005  m 

pglass 

2.68  W/mK 

L 

0.0254  m 

Cp, glass 

1046  J/KgK 

Pglass 

2200  kg/m3 

Cptgas 

5190  J/KgK 

Pgas 

0.022  kg/m3 

£\V 

0.75 

Uin, glass 

0.01  m/s 

n 

1.5 

U in, gas 

0.1  m/s 

Tftmax 

3000  K 

Tmelt 

1900  K 

Tfmin 

2300  K 

r 

200  /m 

2.  Theory 

2.1  Governing  Equations 

In  the  present  work,  the  flow  is  studied  using  a  2-D  axi-symmetric 
geometry.  Because  the  Reynolds  number  is  low  in  both,  gas  and 
glass,  flow  is  considered  laminar  in  both  the  phases.  Furthermore, 
both  the  phases  are  treated  as  Newtonian  and  incompressible. 
Stress-divergence  form  of  the  momentum  equation  is  used  since  it 
results  in  a  natural  boundary  condition  that  can  be  interpreted  as  the 
components  of  the  stress  acting  on  the  fluid  at  the  boundary.  This 
interpretation  is  particularly  useful  for  solving  free  surface  problems 
involving  boundary  conditions  in  terms  of  stress.  Thus,  the 
continuity  and  the  momentum  equations  in  either  of  the  phases  can 
be  written  as: 


o 

ii 

=s 

> 

(1) 

Vu 

=  -V  p  +  V  ■ 

//(vu  +  Vu7')]. 

,  (2) 

where  p  and  p  are  the  density  and  the  viscosity  of  the  phase, 
respectively.  Gravity  is  ignored  since  its  contribution  is  expected  to 
be  small  for  a  thin  filament.  The  viscosity  of  glass  is  taken  [5]  as 


ju(T )  =  107  exp 


32 

(  T  ^ 

1  melt  _  j 

T 

\  J  _ 

(3) 


where  Tmeit  is  the  melting  point  of  glass.  The  inert  gas  is  assumed  to 
be  Helium  and  the  temperature  dependence  of  its  viscosity  [8]  is 
given  in  Table  2. 


Table  2.  Viscosity  of  Helium 


T(K) 

p  (Ns/m2)  x  10'6 

T(K) 

n  (Ns/m2)  X  10‘6 

1800 

65.7 

2200 

74.2 

1900 

67.9 

2300 

76.3 

2000 

70.0 

2400 

78.3 

2100 

72.2 

2500 

80.2 

Those  material  properties  that  are  assumed  to  be  constant  are 
summarized  in  Table  1.  The  two  phases  are  considered  to  be  non¬ 
participating  for  the  radiative  heat  transport  and  hence  there  is  no 
heat  generation  in  the  two  phases  due  to  radiation.  Since  the 
viscosity  of  glass  is  very  strongly  dependent  upon  the  temperature 
and  as  such  has  strong  gradients  in  the  neck-down  region,  viscous 
dissipation  cannot  be  neglected.  Thus,  the  energy  equation  in  each 
phase  becomes: 


pC  j 


(  —  +  u  VT 
dt 


■■  kVlT  +  2jus  :  s , 


(4) 


where  Cp  and  k  are  the  specific  heat  and  the  conductivity  of  the 
phase  and  s  is  the  rate  of  strain  tensor  defined  as 


s  = 


(5) 
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The  specific  heats  of  the  two  phases  are  assumed  to  be  constant. 
Rosseland  diffusion  approximation  is  used  to  model  the  radiative 
heat  transport  within  glass.  Hence,  the  effective  thermal 
conductivity  of  glass  can  be  written  as 


2.2  Boundary  Conditions 

The  boundary  conditions  are  as  follows: 

Ur  -  0 ,UZ  -  ^ in ^ glass ^  ~  ^ in,  glass 


at  z  =  0,0  <  r  <  Rin  (11) 


k  =  kc+kr,  (6) 

where  is  the  molecular  conductivity  and  kr  is  the  radiative 
conductivity  which  can  be  modeled  as  [4,5]: 

,  1 6n2aT3 


Here,  n  and  y  are  the  refractive  index  and  the  absorption 
coefficient  of  glass  and  a  is  the  Stefan-Boltzmann  constant 
Thermal  conductivity  of  Helium  is  assumed  to  be  temperature 
dependent  and  is  given  in  Table  3. 

Table  4.  Thermal  Conductivity  of  Helium 


ur  0  ,uz  uingas,T  Tingas 


atz  =  0,/^  <  r  <  Rw  (12) 


T(K) 

k  (W/mK) 

T(K) 

k(W/mK) 

1800 

0.570 

2200 

0.669 

1900 

0.596 

2300 

0.693 

2000 

0.620 

2400 

0.716 

2100 

0.644 

2500 

0.739 

In  order  to  model  the  radiative  heat  transfer  between  the  glass 
surface  and  the  furnace  wall,  it  is  assumed  that  the  fiber  surface 
and  the  wall  furnace  are  gray  and  diffuse.  A  closed  enclosure  is 
constructed  consisting  of  four  bounding  surfaces  -  the  fiber 
surface,  gas  inlet,  furnace  wall  and  the  gas  outlet.  Each  one  of 
these  faces  is  divided  into  many,  constant  radiosity  zones.  In  the 
present  study,  each  zone  corresponds  with  the  respective  face  (i.e., 
an  edge  in  the  axi-symmetric  analysis)  of  a  finite  element  used  in 
the  finite  element  analysis.  View  factors  among  all  the  surface 
zones  are  computed  by  the  FACET  algorithm  [9]  employing  an 
area  integration  technique.  It  should  be  noted  that,  for  each  zone  i, 


where  Fy  is  the  view  factor  between  zones  i  and  j  and  N  is  the  total 
number  of  zones.  The  resulting  heat  exchange  between  the  zone  i 
and  the  other  radiating  zones  is  given  by 


where  e  is  the  emissivity  and  q/  is  the  radiative  heat  flux.  5^  is  the 
Kronecker  delta  defined  as 


s  =  fl...  when  i  =  y 
'  0...  when  i*  j 


ur=uz  =0,7  =  parabolic  profile  (r/)min  -7/>max) 
at  0  <  z<  L,r  =  Rw 

=  0 ,ur  =  0,—  =  0  at  r  =  0,0  <  z  <  L  (14) 

dr  dr 


11  z  u out, glass *ur  0,  ^  T,0  <  r  <  Rout  (15) 


crz  =0,— =  0 


at  z  =  L,R0Ut  <  r  <  Rw  (16) 


Following  boundary  conditions  hold  at  the  free  surface  which  is 
the  interface  between  the  fiber  and  the  inert  gas: 


=  u-n|  ,u*t|  .  =u*t| 

i  gas  \  glass  1  gas 

(17) 

T  —  T 

1  glass  1  gas 

(18) 

i|  .  =  -kVT- n|  +  qr  -n 

i  glass  1  gas  ^ r 

(19) 

o*t|  .  =c-t| 

\  glass  1  gas 

(20) 

o  •  n\giass  ~  c '  n|  =  2yHn  =  0  (*.*  surface  tension  is  neglected)  (21) 

Surface  tension  is  neglected  in  the  present  analysis  since  its 
contribution  in  determining  the  free  surface  shape  is  expected  to 
be  small  for  highly  viscous  flows. 

3.  Finite  Element  Formulation 

A  structured  mesh  consisting  of  quadratic  (9-noded)  quadrilateral 
elements  is  used  for  the  present  analysis.  9-noded  elements  were 
found  to  give  more  accurate  and  stable  results  as  compared  to 
linear  (4-noded)  quads  due  to  large  gradients  in  pressure  arising 
from  rapid  changes  in  the  viscosity  of  glass.  The  mesh  consists  of 
20  elements  in  the  r  direction,  10  in  each  one  of  the  two  phases, 
and  100  in  the  z  direction.  Grading  is  applied  closer  to  the  furnace 
wall  to  capture  the  velocity  and  thermal  gradients  and  also  in  the 
vicinity  of  the  free  surface  to  accurately  track  its  movement. 

The  governing  equations  are  solved  using  a  commercial  CFD 
code,  FIDAP  (Fluent  Inc.,  Lebanon,  NH),  which  is  based  on  the 
Galerkin  finite  element  method.  FIDAP  has  a  fully  coupled 
numerical  method  in  which  all  degrees  of  freedom  are  solved 
simultaneously  using  a  Newton  -Raphson  type  technique.  It  also 
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(22) 


has  a  segregated  method  in  which  all  degrees  of  freedom  are 
solved  in  a  sequential  manner  including  the  pressure  degree  of 
freedom  which  is  decoupled  from  velocities.  The  fiber  shape  is 
not  known  a  priori  and  is  computed  using  the  moving  mesh  free 
surface  technique.  The  free  surface  method  is  based  on  the 
arbitrary  Lagrangian-Eulerian  (ALE)  approach  in  which  the  mesh 
nodes  are  moved  (remeshed)  in  a  manner  independent  of  the 
material  velocity.  Several  remeshing  techniques  are  available  in 
FIDAP.  In  the  present  study,  the  spines  technique,  in  which  the 
nodes  are  constrained  to  move  along  predefined  straight  spines,  is 
used. 

4.  Solution  Strategy 

The  overall  problem  is  severely  non-linear  and  coupled  due  to  the 
presence  of  radiation  and  a  free  surface,  and  also  due  to  rapidly 
changing  physical  properties.  Hence,  it  is  important  to  provide  a 
good  initial  guess  to  ensure  stability  of  the  solution.  With  this 
objective  in  mind,  the  simulation  is  divided  into  the  following 
sequential  steps: 

1.  Isothermal  run:  The  material  properties  of  glass  and  the  gas 
are  set  at  their  values  corresponding  to  the  temperatures  of 
1900  K  and  2300  K,  respectively.  Then,  the  velocity  field  is 
calculated  with  an  assumed  shape  of  the  glass-gas  interface 
and  in  the  absence  of  radiation.  In  the  present  study,  a 
cosinusoidal  shape  is  used  as  a  guess  for  the  interface  shape. 
A  fully  coupled  solver  (Newton  Raphson)  is  used. 

2.  Radiation  run:  Using  the  velocity  field  from  the  isothermal 
run,  the  new  flow  and  temperature  fields  are  computed  in  the 
presence  of  radiation.  As  mentioned  earlier,  the  two  phases 
are  considered  non-participating.  An  enclosure  analysis  is 
employed  to  account  for  the  surface  to  surface  internal 
radiative  heat  exchange.  All  the  surfaces  are  assumed  to  be 
gray  and  diffuse.  The  emissivity  of  the  gas  inlet  and  outlet 
boundaries  is  set  equal  to  1.  The  emissivity  of  the  fiber 
surface  is  assumed  to  be  a  function  of  fiber  diameter  [5]  and 
its  value  varies  from  that  of  0.6  in  the  preform  region  to  0.1 
in  the  fiber  region.  View  factor  calculation  is  done  only  once 
at  the  beginning  of  the  simulation  by  properly  accounting  for 
the  obstruction  posed  by  the  fiber  in  the  axi -symmetric 
configuration.  A  fully  coupled  solver  (Newton-Raphson)  is 
used. 


dt 

where  S  is  the  location  of  the  free  surface.  In  the  spirit  of  the 
ALE  approach,  the  momentum  equation  for  a  transient 
simulation  is  modified  as  follows  to  take  into  account  the 
movement  of  the  mesh: 


(u  -  u')  Vu 


-Vp  + V-[u(vu  + Vur)J  (23) 


where  if  is  the  mesh  velocity.  The  method  of  spines  is  used  to 
move  the  nodes  on  the  free  surface  and  those  interior  to  the 
two  phases.  The  transient  free  surface  run  offers  additional 
stability  to  the  solution  through  the  control  of  the  time  step 
size.  The  same  view  factors  as  those  calculated  in  the 
previous  step  are  used  throughout  the  solution  procedure. 
This  is  because  it  was  found  to  be  prohibitively  expensive  to 
calculate  them  on  the  fly  as  the  free  surface  location  is 
updated  in  every  time  step.  Instead,  the  view  factors  are 
recomputed  after  a  fully  converged  free  surface  is  obtained 
(next  step)  and  the  free  surface  calculation  is  repeated.  Also, 
it  should  be  noted  that  the  free  surface  need  not  be  converged 
with  a  tight  convergence  criterion  in  this  step  as  it  will  be 
followed  by  a  steady  state  run  where  such  a  criterion  is 
implemented. 


4.  Free  surface  run  (steady  state):  Finally,  fully  converged  flow 
and  temperature  fields  as  well  as  free  surface  location  are 
obtained  by  performing  a  steady  state  simulation  after 
reading  in  the  solution  variables  from  the  previous  run.  At 
this  stage,  new  view  factors  are  computed  and  the  steady- 
state  computation  of  the  free  surface  is  repeated  until  it  is 
observed  that  the  free  surface  shape  no  longer  changes.  It 
was  found  that  usually  only  one  repetition  was  needed  to 
obtain  a  converged  free  surface. 


5.  Results  and  Discussion 

Results  for  the  base  case  are  presented  first  where  a  draw  ratio  of 
144  was  chosen.  The  desired  draw  ratio  is  imposed  by  specifying 
the  inlet  velocity  and  the  inlet  diameter  of  the  preform,  and  also 
the  outlet  velocity  of  the  fiber.  The  corresponding  fiber  profile 
along  with  initial  guess  is  shown  in  Figure  2. 

The  final  converged  flow  and  temperature  fields  and  the  free 
surface  profile  satisfy  the  following  convergence  criteria: 


3.  Free  surface  run  (transient)  :  The  segregated  solver  is  used  in 
conjunction  with  kinematic  updating  in  order  to  solve  for  the 
free  surface  shape  subject  to  the  flow  and  boundary 
conditions.  Since  the  effect  of  surface  tension  is  ignored,  the 
capillary  number  is  infinite  and  the  kinematic  update  is  found 
to  be  the  correct  choice.  Here,  the  normal  and  tangential 
stress  balance  conditions  are  imposed  as  boundary  conditions 
in  the  momentum  equation  and  the  following  kinematic 
condition  is  used  to  update  the  location  of  the  free  surface: 


u,~  111,-1  <  0.0001 
U,  II 

<  0.001 


(velocity  and  temperature) 
(surface) 


(24) 


Here,  Ui  is  the  solution  vector  at  the  f  th  iteration  and  the  norm  is 
a  root  mean  square  norm  summed  over  all  the  equations  for  the 
model.  The  CPU  times  for  the  four  steps  mentioned  in  the 
previous  section  are  as  follows:  Isothermal  run  -  103  s,  radiation 
run  -  640  s,  transient  free  surface  run  -  3102  s,  and  the  steady- 
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state  free  surface  run  -3.2  hrs.  The  simulation  was  performed  on 
a  single  processor  HP  C3000  machine.  The  temperature  contours 
in  the  fiber  are  shown  in  Figure  3  and  the  temperature  along  the 
axis  of  the  fiber  is  shown  in  Figure  4.  It  is  seen  that  the 
temperature  in  glass  varies  by  about  600  K  and  that  changes  the 
viscosity  of  glass  by  about  4  orders  of  magnitude. 


Figure  2.  Dimensionless  fiber  radius  as  a  function 
of  the  dimensionless  axial  coordinate  for  a  draw 
ratio  of  144 
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Figure  3.  Temperature  contours  in  the  fiber 

The  variation  of  effective  thermal  conductivity  of  glass  along  the 
axis  is  shown  in  Figure  5.  As  can  be  clearly  seen,  radiation  plays  a 
dominant  part  and  the  radiative  component  of  thermal 
conductivity  dominates  the  molecular  one. 


Axial  coordinate  z 

Figure  4.  Temperature  along  the  axis  of  the  fiber 


Figure  5.  Thermal  conductivity  along  the  axis  of  the 
fiber 


The  temperature  distribution  in  the  furnace  is  shown  in  Figure  6. 
The  temperature  is  maximum  in  the  center  and  decreases  away 
from  it  due  to  the  corresponding  parabolic  temperature 
distribution  that  is  applied  at  the  furnace  wall.  The  z  component  of 
the  velocity  in  the  two  phases  at  the  furnace  exit  is  shown  in 
Figure  7.  uz  is  constant  in  the  fiber  and  is  equal  to  its  value 
specified  through  the  boundary  condition  (1.44  m/s  for  the  draw 
ratio  of  144).  As  can  be  seen,  the  no-slip  condition  at  the  fiber 
surface  results  in  a  substantial  gas  velocity  in  the  vicinity  of  the 
glass-gas  interface. 


All  the  results  presented  above  are  for  a  draw  ratio  of  144.  A 
simulation  was  performed  with  a  draw  ratio  of  576.  The  draw 
ratio  was  imposed  by  imposing  uz  =  5.76  m/s  at  the  fiber  exit.  The 
corresponding  fiber  profile  is  shown  in  Figure  8. 


International  Wire  &  Cable  Symposium 


78 


Proceedings  of  the  49th 


Figure  6.  Temperature  contours  in  the  furnace 


Figure  7.  z component  of  the  velocity  at  the  exit  of 
the  furnace.  The  coordinate  increases  radially 
inwards  from  the  furnace  wall  where  the  gas 
velocity  is  zero.  uz  is  constant  in  the  fiber  and  is 
equal  to  its  specified  value  (1.44  m/s). 

For  the  simulation  shown  in  Figure  8,  the  same  guess  for  the 
initial  fiber  profile  that  was  used  for  the  draw  ratio  of  144  is  used. 
It  was  found  that  this  was  satisfactory,  but  for  higher  draw  ratios  it 
may  be  necessary  to  adjust  the  initial  guess  to  the  expected  fiber 
diameter  at  the  exit  of  the  furnace. 

6.  Conclusions 

A  computer  modeling  of  the  optical  fiber  drawing  process  is 
presented..  The  conjugate  problem  involving  flows  in  both  glass  and 
gas  are  solved  using  a  finite  element  method.  The  fiber  surface  is 
modeled  as  a  free  surface  whose  location  is  determined  by  a 
deforming  mesh  approach.  It  is  shown  that  the  temperature  and  flow 
fields  in  the  two  phases  as  well  as  the  shape  of  the  fiber  surface  can 
be  accurately  predicted.  The  draw  ratios  presented  in  this  work  (144 


and  576)  are  rather  small  as  compared  those  found  in  industrial  fiber 
drawing  (about  10000).  Hence,  direct  comparison  with  experimental 
results  is  not  possible  at  this  juncture.  However,  it  has  been  verified 
that  the  predicted  fiber  profiles  match  qualitatively  with  the 
numerical  results  presented  elsewhere  [7].  It  is  seen  that  radiation 
plays  an  important  part  and  should  be  properly  accounted  for.  In  this 
model,  an  enclosure  analysis  is  used  to  model  surface-to-surface 
radiation  in  the  furnace.  The  Rosseland  approximation  is  used  to 
model  radiation  in  glass.  This  model  is  strictly  valid  only  for 
optically  thick  media  and  could  introduce  inaccuracy  downstream  of 
the  draw-down  region  where  the  fiber  diameter  is  small.  Currently, 
work  is  underway  to  introduce  participating  media  radiation  using 
P-1  approximation  which  is  expected  to  alleviate  this  limitation.  The 
improved  radiation  model  and  higher  draw  ratios  will  form  a  subject 
of  a  future  publication. 


Figure  8.  Dimensionless  fiber  radius  vs.  the 
dimensionless  axial  coordinate  for  draw  ratio  of  576 
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ABSTRACT 

This  paper  will  provide  an  in  depth  discussion  of  the 
importance  of  understanding  the  measurement  system  in 
terms  of  accuracy,  precision  and  discrimination. 

The  need  to  identify  the  repeatability  (precision)  of  a 
measurement  system  with  respect  to  the  particular  product 
to  be  measured  will  be  presented  in  context  of  wire  and 
cable  examples. 

A  mathematical  model  will  be  provided  that  will  develop 
a  single  metric  (discrimination  ratio)  that  will  serve  to 
identify  if  a  particular  measurement  system  is  adequate 
for  process  improvement  purposes  or  must  be  limited  to  a 
go/no  go  function. 

A  second  model  will  be  offered  that  will  provide  an 
understanding  of  the  actual  amount  of  product  variation 
(intraclass  correlation  coefficient)  being  experienced.  This 
will  be  accomplished  by  mathematically  separating  the 
amount  of  measurement  system  variation  from  the  total 
variation  of  measurement  observations. 

The  paper  will  deal  with  all  of  the  above  topics  of  non- 
destruct  as  well  as  destruct  measurement  systems. 

INTRODUCTION 

The  global  market  place  has  redefined  quality.  No  longer 
is  it  satisfactory  to  make  product  that  merely  falls  within 
specification.  Customers  are  demanding  and  receiving 
product  and  services  that  demonstrate  a  minimum  amount 
of  variation  about  a  target. 

In  addition  to  satisfying  customer  demands  for  reduced 
variation  about  a  specific  target,  manufacturers  are 
discovering  the  competitive  benefit  of  manufacturing 
product  with  reduced  variation.  Consider  the  potential  that 
exists  in  conservation  of  raw  material  when  wall  thickness 
variation  is  reduced.  This  enables  the  average  wall 
thickness  to  be  moved  closer  to  the  customer’s  lower 
requirement. 

The  concept  of  the  1.33  Capability  Index  (Cpk) 
introduced  to  American  industry  by  the  automotive 
companies  is  aimed  at  minimizing  product  variation  about 
a  target.  By  minimizing  variation  about  a  target,  processes 
can  absorb  minor  process  average  shifts  without 
producing  objectionable  product. 


Some  companies  will  not  deal  with  a  supplier  that  cannot 
demonstrate  a  minimum  1.33  Cpk.  Motorola  requires 
certified  suppliers  to  adhere  to  their  Six  Sigma 
requirement  which  is  equivalent  to  a  2.0  Cpk. 

Quality  has  become  synonymous  with  minimizing 
variation.  It  stands  to  reason,  then  that  truly  competitive 
companies  will  expend  resources  to  understand  how  much 
variation  is  normal  to  their  processes  and  strive  to  reduce 
the  variation  as  much  as  economically  possible. 

The  classic  method  of  determining  the  degree  of  variation 
that  is  normal  for  a  given  process  is  to  perform  a  process 
capability  study.  This  entails  allowing  the  process  to 
produce  product  for  a  given  amount  of  time  without 
human  interference;  that  is  allowing  the  process  to  run 
normally,  without  introducing  unwarranted  adjustments. 
Random  samples  are  selected  and  measurements  are 
recorded.  The  measurements  are  then  analyzed  using 
simple  statistical  techniques  and  the  amount  of  normal 
variation  is  determined. 

Unfortunately,  many  process  capability  studies  are 
performed  and  conclusions  reached  without  taking  into 
consideration  the  amount  of  variation  due  to  the 
measurement  system. 

Taking  a  measurement  involves  the  same  components  as 
making  product.  Both  include  people,  raw  material, 
equipment  and  methods,  and  measurement  processes  fall 
into  two  general  categories  -  non-destruct  and  destruct. 

The  German  mathematician  and  philosopher  Hiesenberg 
stated  that  the  very  act  of  measuring  changes  that  which  is 
being  measured.  Although  non-destruct  measurement 
systems  might  somewhat  change  the  sample  that  is  being 
measured,  the  sample  is  not  destroyed.  A  micrometer  used 
to  measure  the  diameter  of  insulated  wire  certainly  may 
alter  the  diameter  as  a  function  of  taking  the  measurement 
but  does  not  totally  destroy  the  sample.  On  the  other  hand 
testing  insulation  for  elongation  or  tensile,  in  fact  changes 
the  sample  to  the  point  of  destruction;  that  is,  the  same 
sample  cannot  be  measured  again. 
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Variation  due  to  the  act  of  measuring  is  introduced  into 
the  final  results  regardless  of  which  type  of  measurement 
system  is  employed. 

When  the  variation  of  recorded  measurements  is 
analyzed,  it  must  be  remembered  that  this  observed 
variation  is  comprised  of  the  variation  of  the  product  plus 
the  variation  of  the  measurement  system. 

The  Challenge 

The  challenge  to  understanding  the  actual  amount  of 
product  variation  lies  in  being  able  to  remove  from  the 
variation  of  the  observations  that  variation  realized  due  to 
the  normal  variation  inherent  in  the  people,  raw  material, 
equipment  and  methods  employed  in  taking  the 
measurements. 

It  is  conceivable  that  the  degree  of  variation  of  the 
recorded  observations  when  compared  to  the  customer 
specification  might  result  in  a  Cpk  lower  than  the  industry 
wide  accepted  minimum  Cpk  of  1.33. 


Figure  1  graphically  represents  a  relationship  of  total 
specification  to  total  variation  that  would  result  in  a  Cpk 
value  of  .8 8. The  calculation  that  results  in  the  Cpk  value 
of  .88  is  found  below  Figure  1 . 

Remember  -  the  total  amount  of  variation  of  six  sigma, 
equal  to  .0048,  represents  the  variation  of  the 
observations.  The  variation  of  the  observations  consists  of 
the  variation  of  the  product  plus  the  variation  due  to  the 
measurement  system. 

In  order  to  determine  a  more  accurate  Cpk,  it  is  necessary 
to  remove  the  amount  of  measurement  variation  from  the 
total  variation  of  the  observations.  To  accomplish  this 
task  it  is  necessary  to  understand  several  fundamentals  of 
measurement  process  and  the  terms  used  to  describe 
them. 


Figure  1 


Cpk  =  Total  Specification  When  the  process  average 
Total  Variation  is  centered  at  nominal 


Cpk  =  .004  -  .83 
.0048 


Accuracy 

When  we  compare  a  measurement  device  such  as  a 
micrometer  to  a  known  standard  such  as  a  gage  block  we 
are  determining  the  accuracy  of  the  equipment. 
Calibration  programs  in  the  modem  and  competitive 
manufacturing  organization  address  the  concern  of 


measurement  equipment  accuracy  quite  well  through 
calibration  efforts. 

Precision 

Precision  refers  to  the  ability  of  a  measurement  process  to 
repeat  the  same  measurement  when  the  same  sample  is 
measured  more  than  once. 
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Everything  in  nature  varies  and  measurement  systems  are 
no  exception.  If  several  people  were  to  measure  the  same 
sample,  in  the  same  area,  using  the  same  equipment,  it  is 
very  likely  they  would  not  record  identical  measurements. 
Most  everyone  in  manufacturing  has  encountered  the 
situation  wherein  an  operator  has  recorded  a  measurement 
that  differs  significantly  from  the  inspector’s  reading.  The 
differences  that  exist  between  measurements  recorded  by 
individuals  is  quite  probably  due  to  the  natural  variation 
between  people,  how  they  hold  or  stage  the  sample  and 
individual  technique  in  using  the  measurement  device  as 
well  as  possible  deformation  of  the  sample  that  results 
from  the  measurement. 

The  characteristic  of  the  sample  being  measured  has  a 
great  deal  of  impact  on  the  precision  of  the  measurement 
process.  A  perfectly  calibrated  micrometer  in  the  hands  of 
two  different  experienced  operators  measuring  the 
diameter  of  steel  wire  will  often  result  in  slight 
differences  of  perhaps  .0001  to  .0005.  On  the  other  hand 
the  same  operators  using  the  same  micrometer  will  record 
differences  of  .002  or  greater  when  measuring  the 
diameter  of  compressible  insulted  conductor. 

It  is  the  lack  of  precision  that  must  be  understood  and 
removed  from  the  variation  of  the  overall  observations. 

In  broad  terms,  the  precision  of  a  measurement  process,  in 
terms  of  standard  deviation,  is  determined  by  requiring 
several  experienced  people  to  measure  several  samples  of 
the  same  product  a  number  of  times.  The  range  of  each 
sample  measured  by  the  same  individual  is  calculated  and 
the  average  range  of  all  measurements  is  divided  by  a 
constant  in  order  to  determine  the  measurement  error  (ae). 

Figure  2  represents  micrometer  measurements  of  copper 
wire  diameter.  An  average  and  a  range  are  developed  for 
each  subgroup.  Each  subgroup  consists  of  the  same 
sample  being  measured  by  the  same  person  using  the 
same  instrument.  Below  Figure  2  is  the  calculation  that 
develops  a  oe  of  .00064,  a  metric  that  describes  the 
measurement  process  imprecision. 

Discrimination 

The  success  of  statistical  process  control,  design  of 
experiment  technologies,  ANOVA  and  other  statistical 
techniques  so  important  to  improving  manufacturing 
processes  is  largely  dependent  upon  the  ability  of  the 
measurement  process  to  determine  normal  variation. 

Discrimination  or  the  ability  of  the  measurement  system 
to  distinguish  between  samples  made  during  periods  of 
normal  manufacturing  process  variation  is  the  third 
element  that  needs  to  be  considered  when  qualifying  a 
measurement  system. 

The  ability  of  a  measurement  process  to  discriminate 
between  samples  made  during  periods  of  normal 


manufacturing  process  variation  is  dependent  upon  two 
relationships. 

The  first  of  these  relationships  is  that  of  the  gage  resolution 
-  the  smallest  unit  of  measurement  -  and  the  standard 
deviation  of  the  manufactured  product  in  question. 

A  micrometer  that  measures  to  three  places  (.001)  might 
very  well  have  adequate  discrimination  when  measuring 
the  diameter  of  rolled  steel  rod.  The  same  micrometer 
however  would  not  have  the  same  degree  of  discrimination 
when  measuring  drawn  copper  wire.  Although  the 
resolution  of  the  measurement  device  remains  the  same 
when  measuring  either  steel  rod  or  copper  wire,  the 
standard  deviation  of  the  steel  rod  would  very  likely  be  an 
order  of  magnitude  larger  than  .001  and  the  normal 
variation  of  the  rod  could  be  detected  using  the  micrometer. 
On  the  other  hand,  the  standard  deviation  of  the  copper 
wire  would  be  an  order  of  magnitude  smaller  than  .001  and 
the  normal  variation  of  the  copper  wire  would  be  lost  in  the 
relative  coarse  resolution  of  the  three-place  micrometer. 

The  second  of  the  two  relationships  that  determines  the 
ability  of  the  measurement  system  to  adequately 
discriminate  is  the  Discrimination  Ratio  (DR).  DR  is  the 
ratio  of  the  product  variation  Gp  to  the  variation  of  the 
measurement  process  Ge. 

The  formula  to  determine  discrimination  ratio  follows  - 


A  discrimination  ratio  equal  to  or  greater  than  4  is 
required  before  a  measurement  process  can  be  considered 
adequate  for  purposes  of  statistical  process  control,  design 
of  experiments,  etc. 

Components  of  Variation 

In  order  to  determine  the  discrimination  ratio,  it  is 
necessary  to  identify  the  measurement  error  Ge  and  the 
actual  degree  of  product  variation  Gp. 

In  order  to  extract  the  amount  of  gp  from  the  total 
variation  of  the  observations  G0,  it  is  helpful  to  think  of 
the  relationship  of  the  variation  of  all  the  observations  G0, 
to  the  measurement  error  Ge  and  the  product  variation  gp 
in  terms  of  a  right  triangle. 

Consider  the  hypotenuse  of  the  right  triangle  to  represent 
the  variation  of  the  observations  G0,  the  leg  as  the 
measurement  error  Ge  and  the  base  as  the  product 
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The  Pythagorean  theorem  provides  us  with  the 
following  relationship. 

2  2,2 

G0  =Oe  +Gp 

^  2  _  _  2  2 
a0  ■  Ge 

This  simple  calculation  provides  us  not  only  with  an 
estimate  of  the  actual  amount  of  product  variation,  but 
also  the  ability  to  determine  the  discrimination  ratio. 

Extraction 

It  is  a  simple  matter  to  extract  the  amount  of  product 
variation  from  the  overall  variation  of  the  observations, 


once  we  have  estimated  the  variation  of  the  measurement 
process. 

_  2  __  _  2  ,  2 

Go  Oe  '  Gp 

op2  =  a02  -  ae2 

op2  =  5.610'7-  4.110'7 

Op  =  .0004 

Applying  the  corrected  value  of  the  true  product  variation 
to  the  Cpk  formula  we  develop  a  more  accurate 
understanding  of  the  actual  capability  of  the 
manufacturing  process. 


Cpk  =  .004  =1.67 
.0024 


Measurement  system  analysis  for  non-destructive  test 
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ce  =  Average  Range  /  ch 

Oe  =  .00108/ 1.693 
Oe  =  .00064 
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Variation  components 


Std.  Dev. 


Variance 


Variation  of  the  measurement  system 
Variation  of  the  product 
Variation  of  the  observations 
Variation  of  the  operators _ 


0.00064098  0.00000041 
0.00042455  0.00000018 
0.00074623  0.00000056 
0.00015084  0.00000002 


Gage  R&R 
Repeatability 
Reproducibility 
Part  to  part 
Total  variation 


Std.  Dev.  Variance  %Contribution 


0.00065849  0.00000043  70.64% 
0.00064098  0.00000041  66.93% 
0.00015084  0.00000002  3.71% 
0.00042455  0.00000018  29.36% 
0.00078349  0.00000061  100.00% 


Figure  3 


Discrimination  ratio  (DR) 


1 


Figure  3  represents  an  analysis  of  the  discrimination  ratio 
and  a  breakdown  of  the  components  of  variation  for  the 
copper  wire  diameter  /  micrometer  measurement  study. 

The  preceding  has  been  offered  as  an  example  of 
estimating  the  actual  amount  of  product  variation  by 
arithmetically  removing  the  imprecision  of  the 
measurement  process.  This  is,  at  times,  necessary  in  order 
to  identify  the  true  manufacturing  process  capability,  in 
terms  of  Cpk,  without  having  the  Cpk  calculation 
artificially  inflated  by  measurement  error.  This  method 
should  be  considered  as  a  means  to  understand  the  actual 
amount  of  product  variation  when  further  improvements  to 
the  precision  of  the  measurement  system  are  either  not 
possible  or  not  economically  justified.  As  North  American 
manufacturers  continue  to  improve  product  quality  by 
means  of  reducing  measurement  variation,  the  benefits  of 
expending  resources  to  further  reduce  measurement  process 
imprecision  will  become  more  difficult  to  justify. 

Destruct  Measurement  Processes 

It  is  often  necessary  in  the  manufacture  of  wire  and  cable, 
to  rely  upon  destruct  measurement  systems  such  as 
elongation  testing,  tensile  testing,  bum  chamber  tests,  etc. 
A  destruct  measurement  process  is,  of  course,  a 
measurement  that  destroys  the  sample  as  a  result  of 
performing  the  test. 

Understanding  the  imprecision  and  discrimination  of  the 
destruct  measurement  processes  also  relies  upon  the 
requirement  of  the  same  people  measuring  the  same 
samples  with  the  same  equipment  just  as  is  in  the  case  of 
analyzing  non  destruct  measurements. 

The  difficulty,  of  course,  is  the  impossibility  of  measuring 
more  than  once  a  sample  that  has  been  destroyed. 


To  overcome  this  reality  it  is  necessary  to  make  an 
assumption  that  continuous  product  manufactured  in  a 
very  brief  period  of  time  is  essentially  homogenous. 

If  a  single  elongation  measurement  requires  a  test  sample  to 
be  six  inches  long,  and  the  material  is  manufactured  at  a 
rate  of  100  fpm,  two  contiguous  six-inch  samples  will  be 
manufactured  in  approximately  .6  seconds.  It  is  reasonable 
to  assume  that  very  little  normal  product  variation  will  be 
realized  between  these  two  contiguous  samples.  It  is  also 
reasonable  to  assume  that  when  these  two  contiguous 
samples  are  measured  the  majority  of  the  difference 
recorded  in  elongation  will  be  due  to  the  imprecision  of  the 
measurement  process. 

Figure  4  represents  the  raw  data  for  an  analysis  of  an 
elongation  measurement  process. 

Figure  5  represents  the  arithmetic  reduction  of  the  sources 
of  variation. 

Figure  6  represents  a  graphical  representation  of  the 
sources  of  variation. 

It  is  apparent  that  this  measurement  process  is  contributing 
almost  42%  of  the  total  variation  of  the  observations. 
Repeatability  or  imprecision  accounts  for  37.44%; 
Reproducibility  or  differences  due  to  operator  technique 
accounts  for  the  balance.  The  portion  of  total  variation  due 
to  the  product  is  approximately  58%. 

The  discrimination  ratio  of  2  indicates  that  this 
measurement  process  cannot  effectively  identify  the 
elongation  variation  between  samples  of  this  material. 
Any  one  single  elongation  measurement  recorded  as  a 
result  of  using  this  elongation  measurement  process  can 
be  overstated  or  understated  by  as  much  as  +/-  3  standard 

deviation  (oe)  of  the  measurement  error  or  +/-  38.4%. 
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Figure  6 


Probable  Error 

It  is  impossible  to  identify  the  actual  elongation  value  of 
any  one  particular  sample  due  to  the  imprecision  of  the 
measurement  system.  However,  it  is  possible  to  make 
pass/fail  decisions  for  individual  samples  with  a  certain 
degree  of  statistical  confidence  using  the  concept  of 
probable  error. 

As  long  as  the  measurement  system  is  stable,  we  can 
consider  the  error  to  be  normally  distributed.  As  such,  50% 
of  the  measurements  will  fall  within  +/-  .67ae  of  the  actual 
elongation  value. 

With  this  concept  in  mind,  we  can  modify  the  specification 
by  bracketing  the  upper  and  lower  requirements  with  +/- 
.67ce.  Any  single  value  falling  between  the  nominal  and  the 
lower  spec  plus  .67oe  or  the  nominal  and  the  upper  spec 
minus  .67 Ge  should  be  considered  to  be  acceptable.  On  the 
other  hand,  any  single  value  falling  outside  of  the  upper 
spec  plus  .67ae  or  outside  the  lower  spec  minus  .67ae 
should  be  considered  to  be  rejected. 

Values  that  fall  between  the  upper  specification  plus  .67ae 
or  between  the  lower  specification  minus  .67 Ge  require 
further  investigation.  When  this  eventuality  occurs,  several 
contiguous  samples  should  be  measured  and  the  average  of 
the  several  measurements  should  be  used  to  determine 
disposition  of  the  material. 

Figure  7  is  a  graphical  representation  of  the  concept  of 
using  Probable  Error  to  make  determinations  based  on 
single  measurements. 


CONCLUSION 

Problem  solving  and  process  improvements  in 
manufacturing  can  only  be  realized  through  prudent  data 
collection  and  analysis. 

This  paper  is  a  compilation  resulting  from  first  hand 
knowledge  of  problem  solving  and  process  improvement 
efforts  that  were  less  than  successful  because  data  was 
collected  with  measurement  systems  that  were  unstable, 
imprecise  or  unable  to  distinguish  between  samples. 

As  companies  strive  towards  a  Six  Sigma  goal,  or  some 
other  measure  of  competitiveness  based  upon  the  reduction 
of  variation,  it  becomes  necessary  to  utilize  analytical  tools 
such  as  statistical  process  control  (SPC), designed 
experiments  (DOE),  ANOVA,  etc.  The  successful 
application  of  these  statistically  based  analytical  tools 
invariably  requires  an  accurate  estimate  of  normal  product 
variation.  If  an  inadequate  measurement  system  is 
employed  for  any  type  of  process  improvement  based  upon 
the  use  of  SPC,  DOE,  ANOVA,  etc.  false  conclusions  will 
result  because  of  inappropriate  estimates  of  normal  product 
variation. 
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Figure  7 
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Abstract 

In  this  work,  we  examine  the  process  of  optical  fiber  coating 
through  computational  fluid  dynamics  (CFD)  simulations.  FIDAP, 
a  commercially  available  finite-element  (FEM)  package  was  used. 
The  FEM  method  is  preferred  because  it  is  particularly  well-suited 
for  ffee-surface  flows.  This  work  focuses  on  simulation  of  the  flow 
within  a  pressurized  coating  die  at  high  fiber  coating  speeds.  The 
effect  of  different  fiber  coating  speeds  and  inlet  pressure  boundary 
conditions  is  considered  for  a  modem  die  design.  The  maximum 
fiber  speed  examined  was  20  m/sec.  The  magnitude  of  the  applied 
pressure  at  the  inlet  of  the  coating  reservoir,  was  of  the  order  of  1 
MPa  for  viscosity  of  1  Pa*sec  and  density  of  1100  Kg/m3.  Results 
demonstrating  the  effect  of  the  flow  conditions  on  the  shape  of  the 
upstream  and  downstream  menisci  are  presented  motivating  the 
advantages  of  detailed  CFD  predictions  in  die  design. 

Keywords 

Optical  Fiber;  FEM;  High-Speed  Coating;  FIDAP;  Pressurized 
coating  reservoir;  Primary  Coating;  Biconic  die;  Meniscus  Stability. 

1.  Introduction 

Optical  fiber  coating  is  an  important  process  that  prevents  flaws 
from  forming  on  the  fiber  surface  (for  example,  adhesion  of  airborne 
particles),  shields  the  fibers  from  surface  abrasion  and  also  increases 
the  fibers’  tensile  strength  [1,  2,  3].  Optical  fiber  coating  is  usually 
a  “wet”  process  involving  drawing  a  fiber  through  a  reservoir  of 
coating  material  (typically  a  polymer)  and  subsequently  curing  the 
resulting  coating  in  order  to  harden  it  [1,  2].  In  most  cases,  a  dual 
layer  of  coating  materials  is  applied.  The  first  coating  layer 
corresponds  to  relatively  soft  material,  such  as  a  silicone  resin, 
whereas  the  second  coating  layer  corresponds  to  a  higher  modulus 
polymer  that  is  curable,  and  is  primarily  responsible  for  higher 
strength  and  resistance  to  abrasion  [1,  2].  In  such  dual  coating 
processes  these  two  coatings  can  be  applied  in  tandem  or 
simultaneously  within  the  same  coating  applicator.  In  the  tandem 
arrangement  the  first  layer  is  applied  and  cured  and  then  the  same  is 
performed  for  the  second  layer.  In  the  simultaneous  arrangement 
both  layers  are  applied  before  the  curing  process  [1].  During  the 
coating  process  it  is  common  to  observe  defects  due  to  entrainment 
of  air  bubbles  between  the  fiber  and  the  coating  layers.  These 
bubbles  can  create  to  a  variety  of  problems  such  as  poor  signal 
transmission  and  inhomogeneous  mechanical  properties  [1].  This  is 
due  to  an  instability  of  the  upstream  interface  between  the  air  and 
the  coating  material,  which  occurs  as  the  fiber  speed  increases  [4]. 


Given  the  explosion  in  the  growth  of  the  telecommunications 
industry,  the  demand  for  large  quantities  of  high-quality  optical 
fibers  at  low  cost  is  becoming  increasingly  large  [2,  3].  This 
necessitates  high  production  rates  at  coating  speeds  that  can 
presently  reach  in  excess  of  20  m/sec  and  will  increase  in  the  near 
future  [1,  3].  It  is  therefore  a  natural  consequence  that  increasing 
emphasis  has  been  given  to  design  coating  applicators  that  can  be 
used  at  high  coating  speeds  without  the  formation  of  defects  due  to 
instabilities  [1,  4].  One  of  the  main  developments  was  the  use  of 
pressurized  dies  in  order  to  achieve  higher  coating  velocities.  These 
devices  which  have  replaced  open-cup  applicators  are  characterized 
by  having  the  coating  material  contained  in  a  high-pressure  reservoir 
[1,  2].  Operation  at  high  pressure  has  two  main  advantages.  It 
helps  minimize  slip  between  the  coating  material  and  the  fiber 
surface,  which  enables  the  liquid  to  actually  coat  the  fiber  at  high 
velocities,  and  also  prevents  air  to  enter  in  the  coating  applicator  and 
entrain  in  the  form  of  bubbles  between  the  fiber  and  the  coating 
layers  [1,4]. 

Modeling  such  a  process  to  study  the  effect  of  operating  conditions 
on  the  flow  within  the  coating  applicator  emerges  as  an  important 
design  tool.  In  addition,  to  predicting  the  range  of  operability  of  a 
particular  device  and  to  optimize  a  die  design,  CFD  simulations  can 
be  instrumental  in  achieving  precise  control  of  the  coating  process  in 
order  to  minimize  variations  in  the  coating  thickness  and  to  provide 
a  concentric  coating.  In  this  work  we  focus  on  using  CFD  to 
visualize  the  flow  field  within  a  high-pressure  coating  applicator 
where  a  single  layer  of  coating  is  applied.  In  contrast  to  previous 
work,  we  focus  primarily  on  the  computation  of  the  position  of  the 
upstream  and  downstream  free-surfaces  that  are  formed.  Previous 
work  has  focused  on  including  heat  effects,  computing  centering 
forces  and  computing  flow  with  only  the  downstream  meniscus  free 
to  move  or  after  fixing  both  free-surfaces.  In  addition,  there  is  still  a 
need  to  research  the  fluid  mechanics  of  optical  fiber  coaters  under 
high  pressure  conditions  (see  [1,  3,  5]  and  references  therein).  The 
scope  of  this  work  is  to  provide  a  framework  upon  which  more 
detailed  studies  that  can  include  non-Newtonian  rheology,  heat 
transfer  effects  and  fluid-structure  interaction. 

This  paper  is  organized  as  follows.  In  Section  2  the  geometry, 
properties  and  boundary  conditions  of  problem  under  study  are 
described  along  with  the  nondimensionalization  of  the  model 
equations.  Section  3  includes  a  brief  description  of  modeling 
strategies  for  coating  flows  using  the  FEM  method,  as  well  as  a 
description  of  the  FIDAP  model  that  has  been  used.  Section  4 
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consists  of  the  major  results  of  this  work  and  a  discussion  of  their 
implications  and  importance.  Our  final  conclusions  are  presented  in 
Section  5. 

2.  Problem  Description 

2.1  Geometry  and  Governing  Equations 

We  consider  the  die  design  in  Figure  1.  This  corresponds  roughly  to 
the  biconic  die  apparatus  presented  in  a  recent  patent  [1].  The 
geometry  under  consideration  in  this  work  is  tire  primary  coating  die 
and  is  axisymmetric  (r  is  the  radial  and  z  is  the  axial  direction).  The 
bulk  flow  is  governed  by  the  steady-state  Navier-Stokes  (1)  and 
continuity  (2)  equations.  The  fluid  velocity  is  denoted  by  ^ ,  the 

stress  tensor  by  r  and  Re  is  the  Reynolds  number.  The  flow  is 
driven  by  a  normal  stress  at  the  inlet  of  the  coating  reservoir  (3)  and 


by  the  fiber  that  is  moving  through  the  coating  die  with  a  velocity 
(the  subscript  /  refers  to  a  quantity  related  to  the  fiber).  For  a 

fully  developed  flow  the  normal-stress  at  the  inlet  is  equal  to  the 
pressure,  p,  of  the  fluid.  We  neglect  here  the  effects  of  gravity  and 
variable  viscosity  (temperature  or  deformation  dependent).  After 
entering  through  the  opening  of  the  pressurized  coating  reservoir, 
the  fiber  continues  through  a  biconic  centering  and  sizing  die.  In 
addition,  it  is  assumed  that  the  fiber  is  centered  along  the  axis  of 
symmetry.  This  is  due  to  the  fact  that  the  focus  of  this  work  is  on 
the  change  of  the  flow-field  without  any  feedback  on  the  structure. 
FIDAP  can  also  accommodate  deflection  studies  [6]  and  fully 
coupled  fluid-structure  interaction  calculations  are  an  exciting  future 
extension  of  this  work. 


Figure  1.  Governing  equations  and  boundary  conditions  for  optical  fiber  coating  flow 


There  are  two  free-surfaces  that  are  formed  during  the  coating 
process.  At  these  locations,  one  needs  to  apply  boundary  conditions 
for  the  normal  and  tangential  stress  (5)  as  well  as  the  steady-state 
kinematic  condition  (6).  The  mean  curvature  of  the  free-surface  is 
denoted  by  H  and  Ca  is  the  capillary  number.  The  normal  and 
tangential  vectors  are  represented  by  p,  and  t,  respectively.  It  is 

important  to  note  that  for  this  type  of  coating  flow  there  is  no 
vacuum  applied  to  the  upstream  free-surface.  No-slip  conditions  are 
applied  on  the  surface  of  the  fiber  (4)  and  on  the  walls  of  the  coating 
applicator  (7).  At  the  point  of  contact  between  the  fiber  and  the 
upstream  free-surface  there  is  need  to  apply  a  value  for  the  dynamic 
contact  angle,  6d ,  (9),  which  is  a  parameter  that  is  correlated 
primarily  with  experimental  observations.  At  this  region  around  the 
dynamic  contact  point  with  the  fiber  surface  a  condition  such  as 
Navier-slip  (10)  should  be  applied  in  order  to  remove  the  non- 
integrable  stress-singularity  [4,  7,  8];  f3  represents  the  dimensionless 


slip  coefficient,  which  is  essentially  an  empirical  parameter.  We 
assume  that  the  upstream  free  surface  is  pinned  at  the  top  lip  of  the 
die  entrance  and  that  the  downstream  free-surface  is  pinned  (^ 

represents  the  position  vector)  at  the  exit  of  the  die  (8).  Finally,  at 
the  outflow  boundary  zero  normal  and  tangential  stress  conditions 
are  imposed  (11). 

2.2  Nondimensionalization  of  Equations 

The  problem  is  solved  in  dimensionless  form.  The  characteristic 
velocity  scale  is  the  magnitude  of  the  fiber  velocity,  ud.  The 
characteristic  length  scale  is  taken  to  be  equal  to  the  difference 
between  the  radius  of  the  die-exit  and  the  radius  of  the  fiber  and  is 
denoted  by  L\  The  Navier-Stokes  equation  (1)  is  solved  with 
viscous  scaling  for  the  pressure  (or  equivalently  the  stress).  Thus 
the  Reynolds  number  is  defined  as 
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Re  = 


P 


uf 


P 


(12) 


where  p  is  the  density  and  p  is  the  viscosity  of  the  fluid.  The 
pressure  scale,  /?*,  is  equal  to 


P 


P 

L* 


The  capillary  number  is  defined  as 


Ca  = 


P  uf 

r 


(13) 


(14) 


where  y  is  the  surface  tension. 

Typical  values  of  the  physical  properties  were  chosen  in  order  to 
calculate  realistic  flows  [3,  5].  Specifically,  the  density  was  taken  to 
be  1100  Kg/m3,  the  viscosity  1  Pa*s  and  the  surface  tension  was 
equal  to  0.03  N/m. 

The  dimensions  of  the  geometry  under  consideration  are  also  of 
importance.  A  fiber  with  radius  equal  to  63.50  pm  is  considered. 
The  coordinates  of  the  points  that  are  denoted  in  Figure  1  are  listed 
below  in  Table  1.  Note  that  Figure  1  is  not  to  scale. 

Table  1.  Physical  dimensions  of  coater  geometry 


Point 

z  (pm) 

r  (pm) 

A  !  0 

114.30 

B  0 

1371.60 

C  i  800 

1371.60 

D  800 

459.57 

E  901.70 

342.90 

'  F  1988.82 

114.30 

G 

2387.52 

114.30 

H 

3500 

63.50 

As  a  result,  L*  is  equal  to  50.80  pm,  the  Reynolds  numbers 
considered  here  vary  according  to  the  relationship 

Re  =  5.588*10'2*M/  (15) 

and  the  capillary  numbers  vary  as 

Ca  =  (100/3 )*uf.  (16) 

The  set  of  conditions  defining  the  problem  becomes  complete  by 
specifying  the  dynamic  contact  angle,  the  slip  coefficient,  the  fiber 
velocity  and  the  normal-stress  at  the  inlet  of  the  coating  reservoir. 
The  dynamic  contact  angle  is  taken  to  be  equal  to  135°  and  the 
dimensionless  slip  coefficient  is  equal  to  10~2.  In  this  work,  we  did 
not  study  the  effect  of  these  parameters  extensively.  We  simply 
report  the  amount  of  slip  that  is  induced  (which  as  will  be  seen  is 
very  small)  and  perform  an  indicative  sensitivity  test.  Numerous 
flow  configurations  were  computed  through  different  combinations 
of  the  fiber  velocity  and  the  inlet  normal-stress  condition.  The 


velocity  ranged  from  10  to  20  m/s  and  the  inlet  pressure  was  as  high 
as  of  the  order  of  10  atm  (1  MPa). 

From  this  point  and  in  the  following  sections  we  will  be  referring  to 
the  inlet  pressure  for  convenience,  even  though  an  inlet  normal- 
stress  is  actually  imposed.  It  is  important  to  note  that  for  the  cases 
that  will  be  presented  here  the  flow  is  not  strictly  fully  developed  at 
the  inlet  of  the  coating  reservoir.  The  selected  location  for  this  inlet 
is  a  little  shorter  than  necessary  and  the  inlet  velocity  profile  is 
affected  by  the  recirculation  in  the  coating  reservoir.  Thus  the 
pressure  at  the  inlet  is  actually  different  than  the  normal-stress,  but 
not  more  than  5%  in  the  most  extreme  cases. 

3.  Numerical  Method 

3.1  FEM  Simulation  of  Coating  Flows 

Many  industrially  important  coating  flows  have  been  studied 
through  numerical  simulations  in  recent  years  [4].  CFD  simulation 
has  provided  insight  on  coating  flow  stability  to  small  disturbances, 
operability  in  different  parameter  ranges  and  sensitivity  under 
transient  flow  conditions.  The  FEM  method  has  been  a  research 
workhorse  in  the  field  of  coating  flows.  In  this  numerical  approach, 
the  governing  model  equations  are  discretized  in  weak  form  in  a  grid 
corresponding  to  the  physical  flow  domain  [9].  This  mesh  is  free  to 
move  to  accommodate  the  change  in  the  geometry  due  to  the 
movement  of  the  free-surface  boundaries.  The  steady  state  or 
transient  flow  is  then  solved  within  this  changing  domain.  This 
approach  has  a  great  advantage  that  the  imposition  of  free-surface 
boundary  conditions  is  greatly  simplified.  Numerical  methods  with 
such  boundary-conforming  discretization  approaches  are  often 
referred  to  as  arbitrary  Lagrangian-Eulerian  (ALE)  methods.  This  is 
because  the  mesh  does  not  correspond  to  a  fixed  Eulerian  frame  and 
does  not  necessarily  follow  the  motion  of  fluid  particles  in  a 
Lagrangian  sense  [4].  For  ALE  methods  it  is  necessary  for  transient 
problems  to  account  for  the  relative  motion  between  the  deforming 
mesh  and  the  flow.  This  corresponds  to  being  consistent  in 
accounting  for  a  time-dependent  coordinate  system  [10]. 

FEM  methods  are  characterized  by  that  the  grid  consists  of  a  set  of 
elements.  In  free-surface  flows  the  ffee-surfaces  or  internal 
interfaces  coincide  with  element  boundaries  and  any  changes  in  the 
shape  of  the  free-boundary  triggers  a  deformation  of  the  mesh  to 
account  for  the  change  in  the  topology.  There  are  generally  three 
classes  of  mesh  adaptation  techniques  used  in  ALE  simulation  of 
free-surface  flows.  The  first  is  what  is  referred  to  as  algebraic  mesh 
generation  where  the  mesh  deforms  according  to  a  user-defined 
parametrization  of  the  free-surface  nodes.  The  most  widely-used 
approach  is  the  method  of  spines  where  a  set  of  generator  lines 
guides  the  movement  of  the  free-surface  in  such  a  way  that  only  the 
nodes  belonging  to  these  spines  are  moved  so  that  their  initial  aspect 
ratio  of  their  position  is  retained  [11].  Another  important  approach 
is  the  mapped  approach,  where  the  new  free-surface  location  is 
computed  as  a  displacement  along  the  local  normal.  The  free-surface 
is  then  moved  to  its  new  location  in  a  prescribed  way,  accompanied 
by  remeshing  the  associated  interior  domain  by  recreating  a  mapped 
mesh  in  a  defined  region  below  the  free-surface  [11]. 
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The  second  remeshing  class  is  elliptic  mesh  generation,  where  the 
new  mesh  is  computed  by  solving  a  system  of  differential  equations 
for  the  mapping  of  the  computational  domain  to  the  physical  domain 
[12].  Therefore,  computations  can  be  performed  on  the  fixed 
rectangular  grid  of  the  computational  domain.  Such  curvilinear 
coordinate  systems  can  be  very  advantageous  since  they  greatly 
simplify  the  application  of  boundary  conditions.  Other  advantages 
are  that  the  resulting  mesh  is  smoother  and  the  mesh  properties  are 
better  controlled  locally.  Elliptic  mesh  generation  can  result  in 
conformal,  pseudoconformal,  orthogonal  and  non-orthogonal 
meshes  [10,  12,  13,  14].  The  last  category  is  the  most  widely  used 
for  coating  flow  computations  where  special  stretching  functions  are 
used  to  generate  high  quality  nearly  orthogonal  meshes  [4]. 

Finally,  the  third  class  of  remeshing  techniques  corresponds  to  what 
is  referred  to  elastic  remeshing,  where  the  mesh  is  computed  from 
the  equations  governing  the  displacements  of  a  deforming  elastic 
solid.  The  driving  force  for  the  deformation  is  the  ffee-surface 
displacements  corresponding  to  the  kinematic  condition.  The  grid  is 
assumed  to  correspond  to  a  pseudo-solid  and  the  ffee-surface 
boundary  conditions  are  satisfied  when  the  elastodynamics  problem 
is  also  satisfied  [6].  The  main  advantage  of  this  approach  is  that  in 
contrast  to  the  other  two  classes  of  remeshing,  it  is  not  necessary  to 
use  structured  grids.  Fully  unstructured  grids  can  be  readily 
employed,  allowing  for  efficient  refinement  near  points  of 
singularity  (such  as  contact  lines)  and  boundary  layers,  as  well  as 
allowing  for  additional  control  of  the  local  mesh  quality  for 
capturing  large  free-surface  deformations  [6]. 

3.2  FEM  Modeling  with  FIDAP 

FIDAP  provides  with  multiple  options  for  simulating  free-surface 
flows  [11].  Briefly,  remeshing  can  be  accomplished  through  three 
approaches.  The  first  way  is  to  use  the  method  of  spines,  through 
both  the  coupled  and  the  segregated  solver.  The  remaining  two 
approaches,  namely  the  mapped  and  the  elastic  remeshing  can  be 
used  only  with  the  segregated  solver.  For  a  fully  coupled  solver,  the 
Newton-Raphson  approach  is  used,  where  all  degrees  of  freedom  are 
solved  simultaneously.  This  approach  typically  needs  a  good  initial 
guess  since  it  has  a  small  radius  of  converges  and  converges  rapidly 
(it  exhibits  quadratic  convergence  behavior).  The  main  drawback  is 
that  efficiency  suffers  for  large  problems  due  to  the  coupled  solution 
approach  and  that  currently  only  the  spine  remeshing  technique  can 
be  used.  The  segregated  solver  solves  all  the  degrees  of  freedom 
separately  and  successively  till  convergence  is  achieved  [15].  After 
the  flow  problem  is  solved  by  satisfying  all  the  boundary  conditions 
for  the  momentum  and  scalar  transport  equations,  the  remaining 
boundary  condition  (typically  the  kinematic  condition)  is  used  to 
update  the  free-surface.  This  process  is  repeated  iteratively  till 
convergence  is  obtained.  The  segregated  solver  has  a  larger  radius 
of  convergence,  but  convergence  is  not  as  fast  as  for  fully  coupled 
solvers  due  to  the  reduced  coupling  between  the  free-surface  and 
flow  solutions.  More  importantly  though,  the  segregated  solver 
becomes  much  more  efficient  than  the  Newton  solver  as  the  problem 
size  increases.  For  both  types  of  solver,  running  the  problem  initially 


as  transient  helps  achieve  more  stable  convergence  behavior  since 
the  solution  at  each  time-step  is  naturally  an  excellent  initial  guess 
for  the  next.  This  strategy  is  typically  used  to  provide  a  better 
initial  guess.  In  addition,  FIDAP  has  flexibility  in  the  way  the 
boundary  condition  that  updates  the  position  of  the  free-surface  is 
handled.  Specifically,  in  the  case  of  the  segregated  solver  for  small 
capillary  numbers,  the  normal  component  of  the  interfacial  stress 
boundary  condition  is  used  to  update  the  interface  position,  whereas 
the  kinematic  equation  is  used  in  its  place  as  a  boundary  condition 
for  the  momentum  equation.  Optical  fiber  coating  flows  are 
typically  large  capillary  number  flows  and  the  traditional  approach 
of  applying  the  kinematic  condition  to  update  the  free-surface  is 
used  here. 

The  simulations  presented  in  this  work  are  based  on  the  segregated 
solver  using  the  mapped  remeshing  technique.  The  reason  for  this 
selection  was  that  the  mapped  remeshing  approach  provided  with 
more  flexibility  for  representing  the  movement  of  the  nodes  in  the 
remeshed  regions  of  the  computational  domain,  especially  close  to 
the  upstream  meniscus.  Specifically,  mapped  remeshing  could 
account  for  movement  of  the  nodes  not  just  along  one  direction  (as 
would  the  case  be  for  spines)  decreasing  the  possibility  for  severe 
mesh  distortions  near  the  dynamic  contact  line  that  would  require 
excessive  remeshing  to  be  resolved.  In  comparison  to  the  elastic 
remeshing  approach  it  required  fewer  computational  resources  for 
this  problem  and  exhibited  better  behavior  in  retaining  the  initial 
element  apsect-ratio  close  to  the  dynamic  contact  point.  The  elastic 
remeshing  technique  even  though  it  is  more  flexible  needs  more 
customization  in  some  cases.  The  mapped  meshing  approach  was  a 
natural  fit  for  this  type  of  problem. 


Figure  2.  FEM  mesh  used  in  present  simulations 

The  mesh  used  for  the  results  presented  here  consisted  of  6352 
elements  and  6106  nodes.  It  is  shown  in  Figure  2  and  as  can  be 
seen  is  mapped  in  its  majority.  Only  one  part  near  the  biconic 
constriction  is  meshed  with  the  tri-primitive  approach  [16]  in  order 
to  refrain  from  using  an  excessive  amount  of  mesh  elements 
downstream.  Linear  elements  are  used  for  the  velocity  and  the 
discontinuous  approach  for  the  pressure  is  employed.  The  current 
mesh  configuration  is  capable  of  resolving  well  the  flow  structures 
that  develop  in  the  cases  examined  in  this  work.  We  solve  the 
equations  described  in  section  2  up  to  a  tolerance  of  10‘5.  The  main 
results  of  our  study  are  presented  in  the  next  section. 
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4.  Results  and  Discussion 

We  performed  runs  for  velocities  equal  to  10,  15  and  20  m/s.  These 
values  result  in  small  (less  than  1)  Reynolds  number  flows  as 
equation  (15)  shows.  In  addition,  we  can  see  from  equation  (16) 
that  the  capillary  numbers  that  result  are  very  large  (more  than  100). 
Therefore,  viscous  forces  will  dominate  over  both  inertia  and  surface 
tension  in  these  flows.  The  selected  nondimensionalization  scheme 
forces  a  dimensionless  velocity  of  1  for  the  fiber,  but  also  uses  a 
dimensionless  pressure  that  is  inversely  proportional  to  the  velocity 
scale.  In  this  work  we  will  distinguish  between  the  various  cases  by 
referring  to  the  dimensional  value  of  the  velocity  and  the 
dimensionless  pressure.  This  is  because  these  values  facilitate 
distinguishing  between  cases.  The  reader  should  note  that  for  the 
present  scale  selection  the  dimensional  pressure  is  proportional  to 
the  velocity  ratio  when  the  velocity  changes. 
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Figure  3.  Dimensionless  velocity  field  at  upstream 
meniscus  for  uf=  20  m/s  and  pinlet  =  2.5  (gage) 


We  simulated  coating  flows  with  the  dimensionless  gage  pressure  at 
the  inlet  of  the  coating  reservoir  ranging  from  1.0  to  5.0  above  the 
ambient  value,  which  was  taken  to  be  equal  to  zero.  For  the  current 
set-up  of  boundary  conditions  the  convergent  results  were  in  the 
range  between  1.5  and  4.5.  In  order  to  simulate  successfully  flows 
at  lower  pressure  values,  it  is  necessary  to  reconstruct  the  mesh  in 
order  to  improve  the  quality  of  the  elements  that  in  the  initial  mesh 
had  deformed  excessively.  This  was  regarded  as  being  outside  the 
scope  of  the  present  work,  which  is  to  examine  the  feasibility  of 
optical  fiber  coating  simulations  and  provide  preliminary  results. 
This  also  applies  to  the  case  of  the  higher  pressure  values  where  it  is 
necessary  to  examine  the  validity  of  the  assumption  that  the 
upstream  meniscus  is  pinned  at  the  top  lip  of  the  entrance  of  the 
coating  die.  The  results  presented  here  indicate  that  at  the  higher 
pressure  values  clearly  indicate  that  the  coating  fluid  tends  to  wet 
the  entrance  die  leading  to  the  coating  reservoir. 

Figure  3  provides  a  snapshot  of  the  dimensionless  velocity  field  in 
the  vicinity  of  the  upstream  meniscus  for  an  indicative  case  (20  m/s 
and  p=2.S).  The  maximum  velocity  is  on  the  fiber,  a  little  further 
away  from  the  dynamic  contact  point  due  to  the  Navier  slip 
condition.  Figure  4  shows  a  streamline  contour  plot  for  the  same 
case  where  it  is  clear  that  the  recirculation  region  within  the  coating 
reservoir  is  the  dominating  flow  structure.  The  location  of  the 


recircurlation  is  such  that  it  interacts  with  the  biconic  constriction  of 
the  coater.  This  constriction  is  clearly  seen  to  act  in  such  a  way  that 
the  recirculation  is  contained  within  the  coating  reservoir.  The 
length  of  this  constriction  is  definitely  adequate.  Figure  5  which 
shows  the  velocity  field  in  the  beginning  of  the  downstream  free 
surface,  clearly  demonstrates  that  the  flow  in  this  region  where  the 
coating  is  formed  is  not  affected  by  the  recirculation  caused  by  the 
large  fiber  velocity  and  is  essentially  simple  shear.  Given  the  large 
viscosity  of  the  liquid  the  downstream  free-surface  levels  quite 
quickly  and  this  is  also  seen  from  figure  5.  In  fact,  the  downstream 
free-surface  modeled  here  is  longer  than  necessary. 
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Figure  4.  Contours  of  dimensionless  streamlines 
for  u,—  20  m/s  and  pinlct  =  2.5  (gage) 


Figure  6  shows  a  comparison  between  two  simulations  of  the  same 
case  when  the  slip  coefficient  is  changed  from  10'2  to  10'3.  The 
results  are  very  close,  predicting  a  difference  of  the  locations  of  the 
dynamic  contact  point  of  1  jum.  In  addition,  it  was  observed  for  the 
smaller  slip  coefficient  that  the  velocity  on  the  area  of  the  fiber 
declared  as  slip  is  97.7%  of  the  fiber  velocity  at  the  dynamic  contact 
point  and  increases  to  the  full  value  after  a  few  nodes  as  we  proceed 
downstream.  For  the  slip  coefficient  used  for  the  rest  of  the  results 
presented  here  the  value  at  the  dynamic  contact  point  is  90.5% 
smaller.  Given  these  relatively  small  differences  it  is  safe  to  assume 
that  the  choice  of  parameters  is  adequate  to  demonstrate  some  of  the 
basic  physics  of  this  type  of  flow. 
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to  these  studies,  it  is  important  to  study  the  effects  of  heat-transfer, 
as  well  as  that  of  non-Newtonian  or  viscoelastic  fluid  rheology. 
These  are  consequences  or  the  large  shear  rates  and  the  polymeric 
nature  of  the  coating  materials.  The  nature  of  the  fiber  and  the 
manner  in  which  the  coating  process  operates  motivate  the  study  of 
the  interaction  of  the  flow  with  the  structure  of  the  fiber. 
Computational  modeling  provides  with  tools  for  computing 
deflections  from  the  desired  positions  as  well  the  forces  that  cause 
them.  Finally,  one  can  extend  this  work  to  the  study  of 
simultaneous  multi-layer  coating.  In  general,  extending  coating 
simulations  to  predict  the  characteristics  of  the  final  product  is  still 
an  active  research  subject  and  advances  that  can  refine  the  current 
modeling  capabilities  are  continuously  becoming  available. 
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Abstract 

The  setting  times  in  connection  with  a  change  of  loose  tube 
production  batch  should  be  rendered  as  short  as  possible.  The 
total  line  down  time  can  be  quite  long  if  several  batches  have  to 
be  made  during  a  day.  The  setting  times  can  easily  be  calculated 
for  color  changing,  fiber  launching,  ramping  up  and  down  the 
line,  and  threading  new  fibers.  A  typical  problem  in  loose  tube 
production  is  that  the  excess  fiber  length  is  changing  as  a 
function  of  line  speed  during  ramping.  The  daily  amount  of  fiber 
under  ramping  will  be  very  high.  In  the  stranded  loose  tube  cable 
construction,  such  loose  tubes  have  also  shown  increased 
attenuation. 

Nextrom  has  analyzed  the  line  productivity,  and  in  order  to 
improve  it,  has  introduced  a  new  technology  for  fiber  launching 
and  cutting  where  no  ramping  is  needed.  By  combining  full 
speed  fiber  cutting  and  full  speed  fiber  launching,  it  is  possible 
to  cut  scrap  costs  drastically  down. 

1.  Introduction 

1.1.  Loose  Tube  Cable  Construction 

“Stranded  loose  tube  type  cable  construction”  is  based  on 
plastic  tubes  extruded  around  1  to  12  fibers.  The  plastic  tube 
protect  the  fibers  from  lateral  forces  and  the  fibers  have  some 
space,  excess  fiber  length,  to  move  inside  the  tube  when  the 
cable  length  is  changed.  The  tubes  are  filled  with  jelly  to 
prevent  water  penetration  into  the  tube,  stranded  around  a 
strength  member  and  sheathed  to  give  the  typical  “Stranded 
loose  tube  type  cable  construction”  shown  in  Figure  1 . 

It  is  important  that  length  of  the  fiber  and  the  tube  are  the  same 
at  operating  temperature  in  the  stranded  loose  tube  cable 
construction.  The  fibers  are  on  the  average  in  the  center  of  the 
tube  (Figure  1).  When  the  cable  is  elongated  the  fiber  will  move 
towards  the  cable  core. 

When  the  temperature  decreases,  the  cable  shrinks  and  the  fiber 
moves  outwards  from  the  center. 

When  the  cable  has  reached  the  allowed  maximum  shrinkage  or 
elongation,  the  fiber  will  touch  the  tube  wall  causing  increased 
attenuation. 


Figure  1.  "Cross-section  of  an  ADSS  construc¬ 
tion".  The  number  of  fibers  is  six.  The  construc¬ 
tion  is  designed  to  give  free  space  for  the  fiber 
movement  in  the  tube  under  the  given  load  of  10 
kN  and  in  the  temperature  range  of  +70  to  -60C 
taking  ice  and  wind  loading  into  account 

1.2.  Production  Parameters  for  Loose  Tube 
Production 

In  the  Secondary  Coating  Line  (Figure  4)  the  key  parameters  in 
controlling  the  excess  fiber  length  and  loose  tube  post  shrinkage 
are: 

-Fiber  tension 

-Jelly  viscosity  (temperature), 

-Cooling  water  temperature. 

-Line  tension  between  mid-capstan  and  end-caterpillar 
-Take  up  tension 
-Line  speed: 

•  High  line  speed  decreases  the  crystallization  rate  (Figure  2), 
and  thus  resulting  in  high  post  shrinkage  and  in  high  excess 
fiber  length  (Figure  3).  In  high  line  speed  the  plastic  has 
less  time  to  stay  at  the  optimized  crystallization 
temperature.  For  polybutylene  terephthalate  the  temperature 
giving  the  highest  crystallization  rate  is  210  °C 

•  Cooling  water  friction  will  be  increased  at  high  line  speed. 
Higher  line  tension  is  needed  to  pull  the  loose  tube  through 
the  water  baths  and  the  tube  will  be  crystallized  under 
tension,  and  thus  resulting  in  high  post  shrinkage  and  also 
in  high  excess  fiber  length. 
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produce  500  m  more  loose  tube  in  the  same  time  than  with 
“One  set  of  pneumatic  pay-off  and  Fiber  Quick  Cutter” 
because  one  set  of  pneumatic  pay-off  and  Fiber  Quick 
Cutter  can  be  under  pre-loading  while  the  other  is  under 
production,  and  there  is  no  time  needed  for  threading  of 
new  fibers  between  runs. 

In  the  same  manner  in  Figure  9.  there  is  compared  production 
lengths  for  25000  m  production  length. 


It  can  be  found  that  the  production  length  increase  from 
conventional  “counter  weight  dancer  type”  of  set-ups  to  new 
type  is  for  25000  m  production  length  lower  due  to  the  fact  that 
the  fibers  are  usually  run  empty  from  the  reels  and  no  ramp 
down  is  needed. 

In  Figure  10.  there  is  compared  the  improved  productivity 
percentages  for  conventional  "counter  weight  dancer  type"  with 
new  type  of  pneumatic  pay-off  and  Fiber  Quick  Cutter  set-ups 
for  6  and  25  km  batch  lengths. 


Table  2.  A  typical  process  situation  for  conventional  “counter  weight  dancer  type”  system  compared 
with  new  type  of  pay-off  and  Fiber  Quick  Cutter  systems” 

*)  Line  preparation  comprises  when  needed  such  activities  as:  color  change,  threading  the  loose  tube  and 
scap  reel  change. 


3.0/2.0  MM  LOOSE  TUBE, 
12FIBERS, 

25  KM  FIBER  REELS, 
COLOR  BATCH  6  KM  (24 
MIN), 

LINE  SPEED  250  M/MIN 

Conventional 
“counter  weight 
dancer  type”  system 
(in  which  it  is 
impossible  to  launch 
or  cut  the  fibers  at 
higher  speed  than 
the  jogging  speed) 

Pneumatic  pay-off  12  f  + 
Fiber  Quick  Cutter 

Two  sets  of  pneumatic 
pay-off  12  f  +  Fiber 

Quick  Cutter.  As  one  set 
of  pneumatic  pay-offs 
with  Fiber  Quick  Cutters 
is  under  pre-loading,  the 
other  one  is  already 
under  production. 

Line  preparation*) 

3  min 

3  min 

3  min 

Launching 

1  min 

1  min 

1  min 

Ramping 

ramping  up  2  min 
ramping  down  2  min 

NO  RAMPING  NEEDED 

NO  RAMPING  NEEDED 

Threading  new  fibers 

every  4  run  1 0  min  <=> 
every  run  10/4  min=2.5 

min 

every  4  run  1 0  min  <=>  every 
run  10/4  min=2.5  min 

No  need 

Change-overs 

(24  +  10.5)  min=34.5  min 

=>41.7  Change- 
overs/24  h 

(24  +  6.5)min=30.5  min=>47.2 

Change-overs/24  h 

(24+  4)min=30  min=>  48 

Change-overs/24  h 

Change  over  time  tot. 

10.5  min 

6.5  min 

4  min 

Line  NOT  in  production 

41  times  10,5  min=>430.5 

min/24  h 

47  times  6.5  min=>305.5 

min/24  h 

48  times  4  min=>192  min/24 
h 

Line  in  production 

70% 

78% 

86% 

Improved  production 

NO 

70%->78%=>1 1 .4% 

70%->86%=>22.9% 

Fiber  loss  (unstable  EFL) 
due  ramping 

41  times  4  min  =>  246 

km/24  h 

No  fiber  loss  due 

pneumatic  pay-off  +  Fiber 
Quick  Cutter 

No  fiber  loss  due 

pneumatic  pay-off  +  Fiber 
Quick  Cutter 
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Production  length  6000  m 


Time 


Figure  8.  Production  time  and  length  for  conventional  “counter  weight  dancer  type”,  one  set  of  pneumatic 
pay-off  and  Quick  Cutter  and  two  sets  of  pneumatic  pay-offs  and  Fiber  Quick  Cutters  when  having  6000  m 
batch  length. 


Production  length  25000  m 


Time 


Figure  9.  Production  time  and  length  for  conventional  “counter  weight  dancer  type”,  one  set  of  pneumatic 
pay-off  and  Fiber  Quick  Cutter  and  two  sets  of  pneumatic  pay-offs  and  Fiber  Quick  Cutters  when  having 
25000  m  batch  length. 
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Improved  production 


Figure  10.  Improved  productivity  for  6  and  25  km  batch  lengths. 


3.  Conclusions 

In  loose  tube  production,  it  is  now  possible  to  drastically  reduce 
scrap  costs  by  combining  full  speed  fiber  cutting  and  full  speed 
fiber  launching.  Scrap  costs  can  especially  be  reduced  if  several 
product  changes  have  to  be  made  during  the  day.  A  well-known 
fact  is  that  the  excess  fiber  length  changes  as  a  function  of  line 
speed  during  ramping  the  loose  tube  production.  The  excess 
fiber  length  change  can  be  avoided  when  using  full  speed  fiber 
cutting  and  full  speed  fiber  launching.  In  the  stranded  loose  tube 
cable  construction  the  tubes  manufactured  during  ramping  have 
shown  increased  attenuation  risk.  The  typical  fiber  length  under 
ramping  when  having  25-km  color  batches  will  be  72  km  per 
day  for  a  loose  tube  of  12  fibers.  Depending  on  the  batch  lengths 
this  new  approach  will  increase  the  productivity  between  3.5  and 
22  %. 
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Abstract 

This  paper  describes  some  recent  advances  in  UV 
spectroradiometry  as  required  by  the  fiber  manufacturing 
industry.  The  demands  from  fiber  process  engineers  have 
presented  some  severe  challenges  in  developing  accurate  and 
reliable  UV  measuring  instruments.  Such  instruments  are  now 
available  to  provide  both  intensity  and  wavelength  data  in  the 
form  of  UV  spectral  distribution  analysis  and  monitoring  in  an 
easy  to  understand  form. 

Three  approaches  can  be  used  with  state-of-the-art  UV 
spectroradiometers  for  these  process  industries:  - 

•  Off-line,  without  fiber,  for  UV  lamp  system 
performance  benchmarking  inside  the  quartz  tube 

•  On-line,  with  fiber,  for  UV  lamp  manual  performance 
checks  and  problem  diagnosis 

•  On-line,  with  fiber,  automatic  data  collection  and  UV 
watchdog  monitoring. 

These  different  approaches  are  described,  and  the  practical 
benefits  and  drawbacks  of  each  approach  discussed.  Some  real 
examples  of  lamp  system  performance  during  lamp  starting,  run 
up  and  longer  term  effects  are  presented  from  some  typical  fiber 
coloring  lines. 

Keywords 

UV;  measurement;  spectrum;  calibration  of  UV  measurement; 
fiber  processes;  UV  cured  formulation;  on-line  monitoring; 
process  control. 

1  Introduction 

High  intensity  Ultra  Violet  radiation  is  a  critical  ingredient  in  the 
manufacturing  process  for  quartz  fiber  and  cable  in  the  following 
four  areas: 

1 .  fiber  draw, 

2.  fiber  coloring, 

3.  fiber  ribbon  matrix, 

4.  fiber  cable  non-ferrous  strength  member. 

In  fact,  the  absolute  intensity  and  wavelength  distribution  of  the 
UV  reaching  the  process  during  manufacture  can  be  a  critical 
limiting  factor  on  process  speed.  However,  fiber  draw  process 
speeds  in  excess  of  20m/sec  are  not  uncommon.  If  it  is  not  taken 
into  account,  inadequate  UV  irradiation  during  the  manufacturing 
process  may  lead  to  inadequate  cure,  which  if  not  detected  can 
lead  to  in-service  problems,  premature  failure,  or  loss  of 
performance  of  the  fiber  once  installed. 


But  how  can  one  know  that  the  UV  radiation  reaching  the  fiber  is 
adequate,  or  is  being  sustained  at  an  adequate  level  during 
manufacture?  Only  by  the  accurate  measurement  of  the  UV  itself, 
both  from  a  quantitative  and  also  from  a  qualitative  standpoint, 
can  we  progress  towards  this  desire.  The  essence  of  good  quality 
control  in  any  of  the  application  areas  mentioned  therefore  is  to  be 
able  to  measure  and  compare  meaningful  UV  spectral 
measurements  of  the  photon  flux  causing  the  radiation  curing  of 
the  formulation  being  applied  in  the  process. 

2  The  UV  cure  zone 

Quartz  fiber  optic  cable  is  a  remarkable  product;  a  very  highly 
developed  and  demanding  process  at  the  forefront  of  UV  curing. 
Process  engineers  are  continually  pushing  the  envelope  of  speed 
of  cure,  mechanical  handling,  and  process  machine  performance. 
Naturally,  to  keep  the  process  in  control,  many  parameters  are 
monitored  to  very  exacting  standards.  Recently,  spectral 
monitoring  has  also  been  made  possible  for  the  UV  radiation, 
which  is  such  a  critical  part  of  the  process. 


Figure  1.  Microwave  excited  lamp  systems 
commonly  used  in  fiber  processes 


Generally,  the  lamp  used  in  the  fiber  process  industries  is  of  the 
form  shown  in  figure  1.  Here  we  have  a  very  highly  focused, 
microwave  excited  UV  lamp  with  the  bulb  positioned  at  one  focus 
of  an  elliptical  reflector,  and  the  fiber  product  running  through  the 
second  focus  of  the  ellipse.  The  fiber  product  in  Figure  1  is 
running  perpendicular  to  the  page,  and  the  curing  zone  of  the 
lamp  is  typically  250mm  long  i.e.  the  fiber  product  is  exposed  to 
UV  for  250mm  of  its  passage  through  the  quartz  tube  of  one 
lamp.  Often  many  lamps  are  arranged  vertically,  one  above  the 
other  with  the  fiber  running  through  one  long  tube,  or  several 
quartz  tubes  carefully  aligned  vertically.  Sometimes  more 
conventional  mercury  arc  lamps  are  used  instead  of  the  250mm 
microwave  excited  lamps,  but  although  these  are  longer  in  length, 
they  cannot  reach  the  extremely  high  intensity  tight  focus  the 
microwave  lamp  can  offer  due  to  its  smaller  bulb  diameter. 

The  microwave  lamp  comprises  essentially  three  different 
components;  a)  The  irradiator,  which  contains  the  microwave 
sources  and  cavity,  the  bulb,  half  of  the  elliptical  reflector  and  the 
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cooling  and  control  system  for  the  lamp,  b)  the  demountable  back 
reflector,  which  completes  the  other  half  of  the  elliptical 
reflector,  holds  the  quartz  tube  containing  the  fiber  and  nitrogen 
inerted  atmosphere,  and  provides  UV  monitoring  access  points, 
and  c)  the  power  supply,  which  is  either  switchable  between  low 
and  high  power  or  is  continuously  variable  between  typically  25 
and  100%. 

The  other  parameter  which  can  be  altered  is  the  type  of  bulb  fill 
used.  The  most  common  two  types  of  bulb  are  referred  to  as  ‘D’ 
and  ‘H’  and  are  contrasted  in  Figure  2  (spectral  data  are  measured 
using  an  instrument  type  described  later  in  this  paper). 

The  D  bulb,  while  having  lower  peaks  in  the  longer  wavelength 
region,  has  a  higher  total  integrated  power  than  the  H  bulb  in  the 
region  320  to  400nm.  Whereas  the  H  bulb,  for  the  same  input 
power,  emits  a  higher  total  power  in  the  short  wavelength  region, 
shown  here  as  240  to  280nm. 


nm 


Figure  2.  Typical  fiber  curing  lamp  spectral  charts 
2.1  Process  types 

In  the  fiber  cable  manufacturing  industry,  we  can  look  at  the  four 
distinct  areas  where  high  intensity  UV  is  used  as  part  of  the 
manufacturing  process 

i)  fiber  draw  -  the  initial  manufacturing  stage  where 
quartz  fiber  is  drawn  from  a  preform,  then  coated  with  a 
UV  cured  functional  coating; 

ii)  fiber  coloring  -  where  the  quartz,  coated  fiber  from 
stage  i)  is  colored  for  identification  purposes  using  a 
dyed,  UV-cured  lacquer  (sometimes  stages  1  and  2  are 
combined  into  one  process); 

iii)  fiber  ribbon  matrix  -  where  typically  10  or  12  colored 
fibers  are  combined  into  a  flat  ribbon,  for  construction 
into  a  cable 

iv)  fiber  cable  non-ferrous  strength  member  -  the  final 
cable  has  many  fibers  contained  within  it  (often  in  the 
form  of  many  ribbons);  the  cable  is  given  longitudinal 
strength  by  the  addition  of  a  central  spine,  or  strength 
member.  This  strength  member  is  increasingly  made  of 
a  composite  material  which  is  UV  cured. 

In  each  of  the  above  processes,  the  type  of  UV  lamp  used  is  often 
of  the  microwave  excited  type  as  shown  in  Figure  1.  In  order  for 
cure  to  occur  in  each  process,  the  UV  formulation  is  applied  wet, 
then  the  product  is  passed  through  one,  or  more  usually,  several 
UV  curing  lamps  inside  a  quartz  tube  which  has  nitrogen  gas 
continually  supplied  into  it.  The  reason  for  the  nitrogen  is  to 
render  the  curing  atmosphere  inert,  more  specifically  to  remove 


oxygen  which  would  otherwise  inhibit  the  curing  process.  During 
each  of  these  processes,  temperature  will  also  play  an  important 
role  in  the  speed  of  the  process  and  the  fullness  of  cure. 

3  UV  requirements  to  cure  a  fiber 
process  formulation 

As  fiber  processes  increase  in  speed,  there  is  demand  for  just  a 
straightforward  increase  in  the  W/cm  (or  W/inch)  output  from  the 
lamp.  This  is  a  traditional  way  of  specifying  UV  lamp  systems 
e.g.  600W/inch,  but  is  somewhat  misleading  because  it  says 
nothing  about  the  actual  power  seen  at  the  process.  It  does  not 
take  into  account  the  effect  of  the  reflector  geometry,  or  distance 
from  the  lamp  system,  nor  does  it  say  anything  about  the  spectral 
distribution  of  the  UV  irradiance  which  is  so  critical  to  the 
process.  As  we  know  from  ‘the  cure  zone’  section  2,  we  can 
select  a  bulb  type  for  its  higher  short  (H)  or  longer  (D) 
wavelength  UV  output  performance.  Some  fiber  processes  use  a 
combination  of  H  and  D  bulbs  in  series  for  their  better  suitability 
to  surface  cure,  or  adhesion  (through  cure)  properties 
respectively.  However  the  formulation  often  is  specified  as  simply 
needing  UV  in  one  or  two  peak  areas  e.g.  ‘...at  254  and  365nm’, 
which  obviously  correspond  to  the  actual  mercury  vapor  naturally 
occurring  peaks,  but  say  little  about  the  matching  of  real  bulb 
output  (see  Figure  2)  to  the  absorption  spectra  of  the  UV 
formulation.  Some  experimentation  is  often  required  to  determine 
the  best  lamp  number,  spectrum  and  power  combination  to 
achieve  a  specific  cure  rate. 

The  reason  multiple  lamps  are  often  required  is  partly  due  to  the 
speed  at  which  the  fiber  passes  through  the  cure  zone.  A  UV  lamp 
does  not  have  a  completely  stable  ‘dc’  output,  but  rather 
fluctuates  with  the  utility  supply  frequency.  Such  is  the  speed  of 
the  fiber  that  if  the  UV  lamp  output  is  going  through  a  minimum 
as  the  fiber  passes  through  the  cure  zone  in  one  specific  lamp  then 
inadequate  UV  dose  would  be  achieved  with  only  one  lamp.  Two 
or  more  lamps  overcome  this  phenomenon. 

Added  to  this  is  the  almost  universal  need  to  exclude  oxygen  from 
the  curing  process  area  as  mentioned  in  the  previous  section.  The 
temperature  of  the  fiber  as  it  passes  through  the  cure  zone  can 
also  play  a  significant  role  in  the  overall  cure  rate. 

Once  the  UV  lamp  number  +  spectrum  +  power  and  process  speed 
formula  are  settled  upon,  it  is  necessary  to  ensure  that  this  lamp 
array  continues  to  deliver  the  required  power  and  spectra  for  a 
sustained  period,  and  to  have  the  ability  to  diagnose  problems  if 
they  occur. 

4  Effects  of  inadequate  cure  on  fiber 
processes 

What  are  the  dangers  associated  with  inadequate  cure,  and  how 
can  it  occur?  Break  outs  (quartz  fiber  breaking  out  of  coating 
during  handling),  in-system  failures,  or  loss  of  performance  of  the 
installed  fiber  are  the  main  problems.  Also  mechanical  problems 
can  become  evident  with  the  preparation  of  the  fiber  during 
installation  whereby  the  buffer  coating  cannot  be  stripped 
reliably,  thus  making  the  fiber  difficult  to  use. 

With  colored  fiber,  the  actual  dye  color  can  have  a  major  bearing 
on  the  effectiveness  of  cure,  with  some  colors  e.g.  orange,  being 
more  difficult  to  cure  reliably  with  a  greater  tendency  for  break 
outs.  Better  matching  of  UV  emission  spectra  to  absorption 
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spectra  of  colored  UV  coatings  can  help  here,  as  well  as  process 
speed  modification. 

As  already  mentioned,  the  fiber  process  is  a  complex  one  with 
many  elements  contributing  to  a  successful  and  reliable  result. 
However  we  will  concentrate  on  the  UV  radiation  necessary  for 
cure,  which  is  clearly  a  critical  element  with  different  parts  of  the 
spectrum  being  generally  associated  with  different  effects. 

Figure  3  shows  the  effect  of  different  portions  of  the  UV 
spectrum.  For  convenience  the  diagram  depicts  the  effect  of  short 
(UVC),  medium  (UVB)  and  long  (UVA)  wavelengths  where  it  is 
generally  understood  that  the  shortest  wavelengths  are  absorbed 
near  the  surface  of  the  coating,  so  are  associated  with  surface  cure 
effects,  while  the  longer  wavelengths  penetrate  further  and  are 
associated  with  depth  of  cure,  or  adhesion  between  the  coating 
and  the  fiber. 


UVC  UVB  UVA 


Figure  3.  Penetration  dependence 
on  UV  wavelength 


5  What  can  go  wrong? 

In  providing  UV  radiation  to  the  fiber  process  we  have  a  high 
power  optical  system.  Although  the  lamp  systems  are  generally 
very  reliable  there  are  nevertheless  factors  in  the  process  itself 
which  can  contribute  to  the  deterioration  of  the  optical  surfaces 
involved,  some  of  which  are  briefly  reviewed  below. 

5.1  Quartz  tube  fogging 

The  most  common  problem  is  the  so-called  ‘fogging5  of  the 
quartz  tube  used  in  the  lamp  system  shown  in  Figure  1.  In  severe 
cases  during  run  up,  a  quartz  tube  can  become  quite  dark  due  to  a 
little  uncured  coating  or  dye  becoming  deposited  on  the  inside 
surface,  then  becoming  ‘baked  on5.  This  darkening  can  have  a 
dramatic  effect  in  the  UV  reaching  the  process.  Fortunately,  the 
monitoring  points  shown  in  Figure  1  allow  a  UV  measuring  probe 
to  be  positioned  to  see  the  effect  of  two  thickness  of  quartz  in 
front  of  the  bulb,  so  this  problem  can  be  detected  fairly  easily 
with  the  manual  or  automatic  monitoring  systems  described  later. 

5.2  Bulb  overheating 

The  cooling  airflow  provided  to  the  bulb  when  the  lamp  system  is 
turned  on  must  be  maintained  above  a  certain  level.  If  the  airflow 
is  inadequate  then  the  bulb  can  overheat.  The  effects  of  this  can 
be  the  bulb  output  spectrum  changing,  or  the  bulb  actually 
expanding  so  effecting  focus.  Some  increase  in  bulb  output  may 
be  obtained  over  a  shortened  period,  as  we  will  see  later,  but  the 
consequence  will  ultimately  be  the  bulb  failing  prematurely. 


5.3  Wrong  bulb 

It  is  relatively  straightforward  to  check  that  the  correct  bulb  type 
is  being  put  in  the  lamp  system  by  checking  its  marking  during 
routine  maintenance.  However,  once  in  service,  it  is  not  easy  to 
check  the  bulb  type  without  disassembly  of  the  lamp.  A  quick 
check  on  the  bulb’s  spectrum  in  operation  verifies  the  correct  type 
is  fitted. 

5.4  Low  power  setting 

The  spectrum  of  a  D  bulb  will  look  quite  different  -  more  like  that 
of  an  H  bulb  -  if  it  is  operated  at  low  power  (see  figure  2).  Not 
only  is  the  output  of  the  bulb  a  lot  lower,  the  spectral  matching  of 
the  bulb  output  to  the  chemistry  of  the  UV  formulation  is  no 
longer  optimized.  Experience  shows  that  power  settings  in 
multiple  lamp  systems  may  not  always  be  set  correctly.  The 
output  power  and  spectral  distribution  ‘signature5  of  the  lamp  can 
reveal  whether  it  is  operating  correctly,  by  comparison  with 
previously  recorded  spectra. 

5.5  Lamp  maintenance  requirement 

Normally  a  UV  lamp  system  will  give  thousands  of  hours  of 
trouble  free  use  if  it  is  looked  after  properly.  As  we  have 
described  above,  if  the  lamp  system  has,  for  example,  a  poor 
airflow,  the  bulb  will  behave  abnormally  and  can  fail  after  only 
hundreds  of  hours. 

The  lamp  system  is  complex,  and  whilst  essentially  very  reliable, 
may  develop  in-service  operation  issues  affecting  its  output. 
While  these  issues  are  normally  avoided  by  routine  maintenance, 
it  can  happen  that  the  maintenance  itself  can  create  an  operational 
abnormality  if  the  lamp  is  not  reassembled  quite  correctly. 

Magnetrons  are  used  to  generate  the  necessary  microwave  energy 
to  power  up  the  bulb  shown  in  Figure  1.  These  magnetrons  have  a 
finite  life,  and  usually  there  are  two.  If  one  half  of  the  bulb  has 
lower  output  than  the  other  then  it  may  suggest  one  magnetron  is 
nearing  the  end  of  its  service  life  before  the  other. 

6  UV  measurement  for  fiber  industries 

6.1  Industry  needs 

The  primary  requirements  for  UV  monitoring  in  the  fiber  process 
industries  are  firstly,  consistency  of  measurement.  It  is  very 
desirable  to  be  able  to  provide  reliable  specifications  for  the  UV 
being  delivered  and  methods  of  comparing  measurements 
between  different  machines  and  different  sites.  If  measurements 
are  consistent  and  reliable  and  have  absolute  calibration 
traceability  [1]  across  a  broad  spectrum,  then  the  end  user  and  UV 
coating  formulator  are  able  to  speak  the  same  language,  and  it  is 
possible  to  ‘close  the  loop5  on  formulation  development  and  end 
user  requirements  for  process  performance  and  UV  quality 
control. 

6.2  Generic  types  of  measuring  device 

It  is  outside  the  scope  of  this  article  to  exhaustively  compare 
different  methods  of  UV  measurement,  but  essentially  there  are 
two  types  of  physical  devices  most  commonly  used  for  UV 
measurement  [1],  where  the  signal  conditioning  and  amplification 
electronics  are  attached  to  some  form  of  display  device,  viz.  a  viz. 
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a)  Radiometers  or  b)  Spectroradiometers.  The  essential 
differences  are  summarized  in  Table  1. 


Table  1.  The  differences  between  radiometers  & 
spectroradiometers 


Radiometers 

Spectroradiometers 

Low  to  Medium  cost 

Medium  to  High  cost 

Broad  band  devices, 
comprising  photodiode 
and  optical  filter 

combinations 

Narrow  wavelength  discrimination, 
hence  irradiance  units  in  W/cm2/nm 
(1  nm  resolution) 

Intensity  information  in 
pass  band  of  filter 

Intensity  and  wavelength 

information,  and  calibration  across 
wide  spectrum 

No  precise  wavelength 
information 

Precise  intensity  vs.  wavelength 
plot 

Only  calibrated  for  one 
type  of  light  source 
spectrum,  specified  at 
time  of  ordering 

General  calibration  ‘flat  response’; 
purpose  is  to  show  calibrated 
differences  in  spectra 

Gives  a  number  as  an 
irradiant  Power  (P)  in 
W/cm2 

Gives  a  Graph  -  a  picture  of 
spectral  distribution,  with  calibrated 
units  as 

X  axis  =  nanometers  (nm) 

Y  axis  =  W/cm2/nm 
Irradiant  power  can  be  calculated 
by  ‘integrating  under  the  curve’  of 
the  spectral  distribution  over 
programmable  ranges. 

As  mentioned  in  the  table,  radiometers  comprise  an  optical  band¬ 
pass  filter,  and  a  photodiode,  both  of  which  are  subject  to 
manufacturing  tolerances.  The  optical  filter  can  also  suffer  from 
temperature  effects  and  its  characteristics  can  change  with  time  as 
the  filter  deteriorates,  or  ‘solarises’,  in  the  presence  of  high 
intensity  UV  radiation.  The  radiometer’s  combined  effect  of  the 
filter  and  diode  in  series  cannot  actually  be  known  at  the  time  of 
manufacture  (unless  each  radiometer  is  painstakingly 
characterized  nanometer  by  nanometer,  using  a  spectroradiometer 
as  a  reference  measuring  instrument).  The  normal  procedure  to 
overcome  this  difficulty  in  not  knowing  the  combined  response,  is 
for  the  radiometer  to  be  calibrated  in  front  of  a  particular  light 
source  of  known  power  and  spectral  distribution  against  a 
reference  radiometer  calibrated  by  a  standards  institution  (e.g.  the 
NIST  in  the  USA,  NPL  in  UK,  or  PTB  in  Germany). 

The  result  of  this  process  is  that  the  calibration  of  the  radiometer 
can  only  be  relied  upon  for  one  type  of  light  source,  that  which  it 
was  calibrated  against.  If  the  spectral  distribution  of  the  light 
source  to  be  measured  differs  substantially  from  the  calibrating 
light  source  then  the  radiometer  readings  are  effectively 
uncalibrated  and  can  only  be  used  as  relative  readings.  Indeed,  it 
will  often  be  found  that  one  radiometer  reading  cannot  be 
compared  against  another  radiometer  because  of  the  unknown 
nature  of  the  combined  response  effect  of  the  filter  and  diode 
mentioned  in  the  previous  paragraph.  The  radiometer  is  however 
useful  as  a  relative  measuring  device  when  these  considerations 
are  taken  into  account. 


By  contrast,  the  higher  cost  spectroradiometer  is  designed  to  be 
able  to  judge  the  relative  height,  or  contribution  of  one  part  of  the 
spectrum  against  another  part  with  equal  weight  (or  indeed  with 
an  absorption  spectra  applied  to  provide  ‘effective  irradiance’ 
measurements).  The  whole  point  of  the  spectroradiometer  is  that 
it  can  be  calibrated  to  give  absolute  measurements  across  a  wide 
spectral  range,  from  a  wide  range  of  UV  lamps,  and  then  can 
display  the  spectral  distribution  faithfully  in  absolute  units. 

The  spectroradiometer  can  then  be  relied  upon  to  give  both 
quantitative  and  qualitative  checks,  to  allow  the  user  to  make 
judgments  about  the  state  of  the  UV  lamp  system  e.g.  whether  the 
spectrum  is  correct,  whether  the  short  wavelength  UV  has 
deteriorated  -  possibly  as  a  result  of  contamination  on  one  of  the 
optical  surfaces  -  or  whether  the  overall  power  level  in  one 
installation  matches  another  in  absolute  units. 

So  there  are  clear  advantages  to  using  a  spectroradiometer  if 
absolute  UV  measurement  accuracy  is  required. 

6.3  The  ideal? 

What  are  the  factors  which  can  have  a  significant  effect  on  UV 
measurements  for  high  power  lamp  systems?  They  can  be 
summarized  as  follows:  - 

•  Position  -  is  the  probe  +  spectroradiometer  combination 
being  accurately  and  repeatably  placed? 

•  Probe  effects  -  has  the  attenuation  of  any  optics  been 
taken  into  account? 

•  Spatial  response  -  the  angular  response  effects 

•  Calibration  -  is  the  instrument  properly  calibrated? 

•  Scan  time  -  is  the  time  to  make  a  measurement  too 
short  /  too  long? 

•  Stray  light  -  what  out  of  band  radiation  effects  could 
affect  the  measurement? 

•  Temperature  -  could  effect  the  electronics  or  the  optics 
performance 

In  order  to  make  accurate  and  meaningful  UV  spectral 
measurements  in  a  high  power  curing  process,  first  of  all  we  need 
to  be  able  to  insert  our  measuring  instrument  entrance  as  close  as 
possible  to  a  representative  position,  or  positions,  seen  by  the 
process.  To  do  this,  it  is  convenient  to  use  a  probe  of  some  type 
capable  of  withstanding  the  high  temperatures  and  extreme  UV 
intensity  normally  found  from  a  lamp  system  (bulb  +  reflector 
combination).  In  the  case  of  the  lamp  configuration  in  Figure  1, 
we  are  unable  to  position  our  probe  in  exactly  the  same  position 
as  the  fiber  while  the  process  is  running,  so  next  best  is  at  a 
defined  position  which  will  take  into  account  most  of  the 
contributing  factors  to  the  lamps  system’s  performance.  Indeed, 
some  lamp  manufacturers  have  provided  this  type  of  monitoring 
points  at  strategic  positions  exactly  for  this  purpose. 

6.4  Robust  miniature  UV  Spectroradiometers 

Since  their  introduction  to  the  radiation  curing  industry  less  than  5 
years  ago,  the  development  of  robust  miniature  battery  operated 
UV  spectroradiometers  has  been  continuing.  These  devices  are 
based  on  a  miniature,  monolithic,  single  diffraction  grating 
spectrograph,  optimized  for  UV  spectroradiometry  [1].  They 
comprise  a  self-scanned  UV  enhanced  array  of  typically  512 
photodiodes,  mounted  on  focal  plane  of  the  spectrograph.  A  wide 
range  of  wavelengths  in  the  UV  can  be  collected  in  one  (or  a  few) 


International  Wire  &  Cable  Symposium 


106 


Proceedings  of  the  49th 


rapid  scan(s),  with  typically  a  lnm  bandwidth;  so  that  spectral 
lines  of  typically  2nm  spacing  can  be  resolved. 

Current  wavelength  ranges  from  such  instruments  range  down  to 
the  short  wavelength  UVC  (below  240nm),  to  well  into  the  near 
visible,  stopping  at  typically  470nm. 

Such  UV  spectral  intensity  measurement  devices  are  available  as 
hand-held,  battery-operated  instruments  with  a  graphical  display 
able  to  show  UV  lamp  spectra,  and  with  color  display  versions  to 
compare  one  spectrum  with  another  directly. 

More  recently,  simpler,  lower  cost  devices,  based  on  the  same 
type  of  core  UV  spectrograph  technology,  have  come  along  in  the 
guise  of  ‘programmable  UV -near- visible  radiometers’  with  the 
purpose  of  being  used  in  a  production  environment  as  a  simple 
go/no  go  check  on  the  output  from  a  UV  lamp  system  on,  for 
example,  a  fiber  optic  cable  draw  tower.  Such  devices  are  able  to 
store  a  complete  UV  reference  spectra,  and  to  allow  comparison 
of  this  with  the  latest  reading  to  establish  whether  a  lamp  may 
have  lost  power  in  part  of  its  output  spectra  e.g.  due  to  a 
contaminated  quartz  tube.  A  simple  traffic  light  arrangement  can 
tell  an  unskilled  operator  in  seconds  the  condition  of  his  lamp 
system. 

All  of  the  above  types  of  instrument  are  usually  used  in  radiation 
curing  measurement  application  with  a  UV  probe,  capable  of 
withstanding  the  high  temperatures  and  UV  intensities  found  in 
such  applications.  As  already  mentioned,  there  is  a  requirement  to 
position  the  probe  in  the  same  position  every  time  a  measurement 
is  taken,  so  accurate  location  methods  providing  very  good 
repeatability  have  needed  to  be  developed,  and  are  available  for 
the  types  of  microwave  excited  lamps  used  in  the  fiber  optic 
industry,  shown  in  Figure  1. 

Such  small  Spectroradiometers  have  also  been  successfully 
applied  to  providing  complete  system  for  on-line  monitoring  of 
UV  spectra  with,  for  example  up  to  16  channels  monitored  [3]. 

6.5  Probes 

An  example  of  a  typical,  elevated  temperature  (to  250°C) 
withstanding  UV  measurement  probe  is  shown  in  the  photograph 
Figure  4. 


Figure  4.  The  original  UV  probe  and  precision 
location  system 


It  has  only  a  1  mm  entrance  aperture  so  can  be  very  accurately 
positioned  in  the  irradiant  field  of  the  UV  lamp  system.  On  the 
left  of  the  photo  is  a  locating  mechanism  for  the  probe.  This  is 
normally  mounted  on  the  machine  or  UV  lamp  system  and 
provides  accurate  (to  within  0.5mm)  and  very  repeatable 
positioning  of  the  UV  probe  for  taking  measurements.  A  sprung 
loaded  flap  on  the  locator  ensures  that  UV  light  is  not  allowed  to 
escape  from  the  locator  when  the  probe  is  not  inserted. 


Figure  5.  The  probe  of  Figure  4  in  position  in  a 
microwave  excited  lamp’s  back  reflector 

Other  larger  diameter  probes  capable  of  being  operated  at 
temperatures  up  to  350°C  have  been  successfully  manufactured 
with  a  built  in  diffuser  in  order  to  extend  the  spatial  response  of 
such  probes  to  an  approximation  to  a  cosine  response  which  can 
actually  be  used  inside  the  quartz  tube  off-line  with  no  fiber 
running  through. 

6.6  Monitoring  approaches  for  fiber  industries 

Various  approaches  have  become  available  for  the  fiber  process 
industries  to  allow  a  range  of  choices  for  both  checking  and 
monitoring  the  operation  of  the  UV  lamps’  capability  to  deliver 
the  expected  spectral  distribution  and  power  levels  necessary  to 
achieve  cure  at  the  required  process  speed.  These  approaches  are 
briefly  described  below. 

6.6. 1  Off-line ,  without  fiber,  for  UV  lamp  system 

performance  benchmarking 

The  first  approach  allows  the  UV  lamp  system  to  have 
measurements  made  directly  inside  the  usual  quartz  tube,  as 
shown  in  Figure  6. 


Figure  6.  Measuring  off-line  inside  quartz  tube 

Here  the  operator  is  able  to  use,  for  short  periods,  a  specially 
designed  quartz  probe  protected  inside  a  thick  stainless  steel  tube 
which  can  be  inserted  inside  the  quartz  tube  of  the  secondary 
‘back  reflector’,  illustrated  in  Figure  1.  Once  inserted  inside  the 
tube  with  the  lamp  on  at  full  power,  the  quartz  probe  is  designed 
to  be  able  to  Took’  sideways,  at  90°,  either  directly  at  the  bulb,  or 
at  the  reflector  to  be  able  to  judge  the  condition  and  operation  of 
the  various  system  components,  from  the  spectral  distribution 
observed,  depending  on  the  rotation  of  the  probe.  Also,  by 
observing  differences  at  one  part  of  the  tube  compared  to  the 
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another,  it  is  possible  to  judge  whether  there  is  an  even  spectral 
power  distribution  along  the  length  of  the  bulb.  If  there  is  a 
marked  difference  from  one  end  to  another,  then  it  is  possible  that 
a  magnetron  may  need  attention. 


Figure  7.  Compact  spectroradiometer  based 
checking  device,  with  high  temperature  probe  for 
use  inside  quartz  tube. 


A  recent  self-contained  hand  held  instrument  with  detachable 
probe  for  use  inside  the  quartz  tube  is  shown  in  Figure  7.  Both 
instruments  in  Figures  6  and  7  can  provide  valuable  lamp  system 
diagnoses  when  the  lamp  is  demounted  from  the  machine,  for 
example,  in  a  maintenance  department.  The  UV  output  of  the 
lamp  can  be  thoroughly  checked  before  being  brought  back  in  to 
service  after  being  maintained. 

Because  it  is  used  right  inside  the  quartz  tube,  this  measuring 
option  gets  very  close  to  measuring  what  the  fiber  actually  ‘sees’ 
while  passing  through  the  quartz  tube.  However,  it  has  the 
disadvantage  that  it  cannot  be  used  for  checking  the  lamp  during 
fiber  manufacture,  so  is  described  as  ‘off-line’. 

6.6.2  On-line  manual,  with  fiber,  for  UV  lamp 

performance  checks  and  problem  diagnosis 

As  we  have  seen  in  Figures  4  and  5,  probe  locators  can  be  fitted  to 
the  lamp  to  take  advantage  of  the  monitoring  points  provided  by 
the  lamp  manufacturer  to  allow  measurements  to  be  taken  ‘on¬ 
line’,  either  before  or  during  a  fiber  manufacturing  run. 


Figure  8.  New  compact  spectroradiometer  based 
sensor  with  fine  probe  for  use  with  probe  locator 
on  lamp  system 


Figure  8  shows  a  more  recent  sensor  with  the  same  type  of  probe 
illustrated  in  Figures  4  and  5  for  allowing  measurements  to  be 
taken  at  the  monitoring  points  shown  in  Figure  1  while  fiber  is 
running  through  the  process.  This  system  provides  absolute 
calibrated  measurements  at  an  exact  point  in  the  lamp  system 
which  is  defined  mechanically  with  very  precise  positional 
accuracy.  This  type  of  probe  can  be  manually  moved  from 
monitoring  point  to  monitoring  point  to  take  and  compare 
measurements  easily.  It  can  also  be  left  ‘in-situ’  to  allow 
permanent  on-line  monitoring  measurements  to  be  taken,  with 
several  sensors  arranged  in  a  digital  network,  feeding  UV  spectral 
data  back  to  a  host  PC  or  PLC. 


The  probes  and  sensors  of  Figure  7  and  Figure  8  are 
interchangeable  and  each  contains  their  own  calibration  data  to 
take  the  probe  characteristics  into  account.  The  probe  should 
always  be  calibrated  on  the  sensor  it  is  intended  to  be  used  with. 

6.6.3  On-line  automatic ,  with  fiber,  for  data 

collection  and  UV  watchdog  monitoring. 

The  UV  measurements  systems  so  far  described  are  essentially 
manually  operated  where  an  operator  or  engineer  must  physically 
take  the  measurement,  and  store  the  data  (though  the  networking 
possibilities  of  the  system  in  6.6.2  allow  this  possibility  now). 
Complete,  multichannel  on-line  UV  spectral  monitoring  systems 
are  also  available,  as  shown  in  Figure  13  [3].  The  electro- 
mechanically  operated  shuttered  probe  is  connected  by  a  UV 
transmitting  quartz  fiber  back  to  the  control  unit.  The  probe  can 
be  fitted  in  exactly  the  same  position  on  the  microwave  lamp  back 
reflector  as  the  probe  locator  shown  in  Figures  4  and  5.  Inside  the 
control  unit  is  a  single  spectroradiometer  sensor  which  is 
mechanically  indexed  to  look  at  one  of  up  to  16  UV  fibers  in 
sequence  to  be  able  to  detect  relatively  slow  changes  in  lamp 
output  caused  by  optical  surface  deterioration,  or  other  factors 
described  in  Section  5.  The  reader  should  refer  to  Reference  3  for 
a  more  detailed  description  of  this  system. 


Figure  9.  Complete,  16  channel  on-line  UV 
spectrum  monitoring  system 

The  system  is  relatively  low  cost,  but  can  only  provide  relative 
measurements  because  of  the  unknown  effect  of  the  optical 
interfaces.  It  can  be  connected  to  a  PLC  or  PC  to  provide 
monitoring  and  control  of  one,  or  several  fiber  process  machines. 
The  advantage  is  that  it  provides  completely  automatic 
monitoring  of  the  UV  lamps,  and  can  be  programmed  to  provide 
warning  and  alarms  of  UV  lamps  operating  outside  defined  limits 
in  any  part  of  the  UV  spectrum  from  240  to  425nm. 

6.7  Calibration 

All  of  the  UV  spectroradiometer  systems  described  are  calibrated 
according  to  the  same  methods.  Although  at  the  time  of  writing 
there  are  no  international  standard  methods  of  calibrating  UV 
Spectroradiometers  (neither  is  there  for  UV  radiometers)  the  steps 
used  by  the  author  can  be  summarized  as:  - 

1.  Define  geometry  of  light  sources  and  the  collection 
optics  to  be  involved  in  the  calibration  and  field 
measurement 

2.  Perform  wavelength  calibration  using  Mercury  and 
other  ‘pen-ray’  lamps 
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3.  Perform  system  response  ‘shape’  characteristics 
calibration  using  special  smooth  continuum  lamps 
(especially  Deuterium  &  tungsten  lamps)  traceable  to 
national  standards 

4.  Set  final  overall  level,  at  representative  power  level  e.g. 
Curing  Lamp  (undoped  Mercury  medium/high  pressure 
preferred)  -  for  industrial  applications 

There  is  a  growing  body  of  work  [1][2]  in  the  international  arena  to 
move  towards  standardization  of  UV  measurements,  particularly 
with  the  use  of  spectroradiometers  which  do  not  suffer  from  the 
disadvantages  of  radiometers  outlined  in  Section  6.2 

7  Practical  application  of  spectroradio¬ 
meters  in  a  production  environment 

The  above  described  spectroradiometer  instruments  and  high 
temperature  probes  have  been  in  use  in  the  various  applications  in 
the  UV  radiation  curing  industry  for  several  years.  During  that 
time  ways  have  needed  to  be  found  to  make  measurements  as 
easy  and  error  free  as  possible,  but  with  such  instruments,  UV 
probes,  and  probe  locators  it  is  possible  to:  - 

•  Collect  UV  spectral  data  regularly  with  date  and  time 
stamping 

•  Position  spectroradiometer  /  probe  combination  in  the 
same  place  each  time  a  reading  is  to  be  taken 

•  Compare  calibrated  readings 

•  Compare  intensity  with  pre-established  baseline  data 

•  Check  lamp  spectra  are  correct 

•  Check  short/long  wavelength  ratios  -  see  Figure  7. 

By  following  this  discipline  it  is  possible  to  diagnose  a  situation 
where  a  UV  process  is  failing  to  cure,  and  decide  if  there  is  a 
lamp  issue,  or  whether  one  needs  to  look  somewhere  else  for  the 
cause  of  the  problem. 


Figure  10.  Using  a  spectroradiometer  to  integrate 
power  in  two  specified  ranges 


Figure  10  shows  how  different  parts  of  a  typical  UV  spectrum 
from  a  curing  lamp  can  be  compared  as  a  ratio  between  short 
wavelength  and  long  wavelength  data  to  form  a  ratio  between  the 
two.  Should  the  short  wavelength  power  fall  off  as  a  ratio  of  the 
long  wavelength  power  then  the  bulb  may  be  nearing  the  end  of 
its  life  (particularly  if  it  is  an  arc  lamp),  may  be  dirty,  may  have  a 
dirty  reflector  or  contaminated  quartz  tube. 

In  addition  to  lamp  diagnostics,  it  is  possible  by  following  the 
rigorous  calibration  process  with  UV  Spectroradiometers  [1]  to 
allow  valid  comparisons  using  absolute  power  measurements 
(over  specified  wave  ranges)  to  be  made  between  lamps,  between 
different  lamp  systems  or  machines,  between  different  processes 
and  between  different  plant  locations.  Such  absolute  calibration 
ability  also  points  the  way  for  new  and  better  methods  of  process 
specification. 

8  Examples 

There  now  follow  some  examples  of  data  collected  from  real  UV 
lamp  systems  used  in  the  fiber  process  industries.  The  typical 
application  is  in  fiber  coloring.  In  each  case  we  are  monitoring 
‘D’  type  bulb  (as  shown  in  Figure  2).  As  described  above,  we  can 
integrate  using  a  UV  spectroradiometer  over  a  defined  special 
range.  We  have  defined  two  spectral  ranges  300  to  425nm  (Al), 
280  to  320nm  (A2),  and  also  have  plotted  the  behavior  of  one 
specific  Mercury  line,  that  at  313nm.  The  traces  have  been 
normalized  to  show  their  behavior  one  against  another. 


Figure  11.  Typical  D  bulb  cold  start-up 


Figure  11  shows  a  typical  lamp  startup  recorded  automatically 
every  5  minutes.  The  100%  normalization  level  has  been  set  at  15 
minutes  since  the  lamp  is  turned  on  from  cold.  It  is  interesting  to 
note  that  the  total  UV  spectral  output  in  Al  and  A2  start  at  a 
higher  level,  approximately  10  to  15%  above  their  settled  level, 
and  take  about  10  to  15  minutes  to  settle  to  steady  state.  The 
313nm  spectral  line,  being  derived  from  pure  mercury  settles  to 
its  100%  level  much  faster.  This  phenomenon  can  be  explained  by 
the  different  behavior  of  the  pure  mercury  and  the  additives  in  the 
D  bulb  which  modify  the  spectral  distribution  of  the  bulb  output. 
The  D  bulb  is  more  input  power  and  envelope  temperature 
dependant  than  a  straightforward  mercury  H  bulb,  as  we  noted 
above. 
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Chart  2  -  A1  -#26,bot  -  failing  bulb 


Figure  12.  Failing  bulb  due  to  overheating 
(inadequate  airflow) 

If  we  have  a  faulty  bulb  -  in  this  case  due  to  lack  of  airflow  -  the 
bulb  overheats  and  fails  quite  rapidly.  In  this  case  we  can  see  with 
three  successive  coloring  runs  that  the  bulb  deteriorates  each  time 
it  is  used,  falling  to  below  50%  of  its  original  power  level  when 
monitoring  started. 

After  this  was  noticed,  the  bulb  was  changed  for  a  new  one,  the 
lamp  system  serviced  and  then  run  again,  and  checked  more 
frequently,  as  shown  in  Figure  13. 


lower  #  226  -  new  bulb 


;  110.0% 

;  105.0% 

100.0% 

95.0% 

!  90.0% 

85.0% 

|  80.0% 

0  5  10  15 

Figure  13.  New  D  bulb  start  up 


Figure  13  has  sampling  points  collected  more  frequently  (every  2 
minutes)  and  shows  more  clearly  the  different  behavior  of  the 
mercury  and  additive  performance  after  start  up.  The  initial 
sample  point  is  taken  almost  immediately  after  turn  on  so  the 
microwave  lamp’s  very  rapid  turn  on  behaviors  is  exhibited  very 
well. 


9  Conclusions 

Such  UV  spectral  measurement  instrumentation  as  described  in 
this  paper  is  increasingly  being  used  throughout  the  fiber  process 
industries  to  reduce  uncertainty  about  the  quality  of  the  UV  power 
being  delivered  to  the  process  during  manufacture.  Regular, 
accurate  manual  UV  spectral  measurements,  and  automatic  on¬ 
line  monitoring  have  shown  themselves  to  be  worthwhile 
activities  across  many  manufacturing  sites,  and  during  process 
development. 
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Abstract 

In  this  paper,  a  family  of  equations  has  been  developed  to  describe 
the  behaviour  of  twisted  pair  cables  as  functions  of  cable 
dimensions,  basic  material  parameters  and  frequency  of  operation. 
These  equations  allow  the  prediction  of  secondary  parameters 
without  the  need  to  extrapolate  from  measurements.  Further  a 
simulation  method  has  been  developed  which  requires  dimensions, 
materials  and  frequency  only  and  enables  investigation  of  the 
behaviour  of  the  cable  under  the  influence  of  periodic,  sporadic  or 
random  deformities,  such  as  those  arising  through  poor  installation 
practice  or  production  process  variability.  Both  analytical  and 
simulation  approaches  complement  the  more  historical  approach  of 
iterative  development  and  practical  extrapolation.  The  set  of 
equation  derived  and  the  simulation  approach  were  then  used  to 
predict  the  performance  of  a  twisted  pair  cable  where  the 
dimensions  and  the  materials  are  known.  The  results  obtained  were 
then  validated  against  measurements.  Excellent  agreement  is  in  all 
cases  demonstrated. 

1.  Introduction 

Data  communication  is  of  increasing  importance  to  society,  with 
the  information  revolution  showing  no  sign  of  slowing. 
Applications  such  as  the  Internet  and  mobile  communications  are 
becoming  an  integral  part  of  everyday  life.  A  common  component 
in  all  the  applications  is  the  communication  channel.  This  may  be 
transmission  line  and  cable,  optical  fibre,  wave-guide,  ‘free  space’ 
propagation,  etc.  This  paper  is  concerned  with  twisted  pair  cables. 

Twisted  pair  cables  have  been  in  use  for  a  long  time.  Early 
telephone  signals  were  sent  over  twisted  pair  cable  and  now 
virtually  all  networked  buildings  use  twisted  pair  cable  for 
telephone  and  computer  communication  signals.  Despite  the  fact 
that  coaxial  cables  and  optical  fibre  cables  were  developed  to 
handle  higher  frequency  signals  with  minimal  interference, 
twisted  pair  cables  have  been  developed  so  that  they  can  carry 
increasingly  higher  frequency  signals;  The  proposed  category  8 
cable  will  be  specified  to  1 .2  GHz. 

Different  varieties  of  twisted  pair  cables  are  available  for  different 
needs  and  applications.  First  is  the  basic  telephone  cable,  which  is 
known  as  direct-inside  wire  (DIW),  is  still  in  use  in  some 
countries.  Developments  over  the  years,  such  as  improvements  in 
the  individual  wire  sheaths  and  variations  in  the  twist  have  led  to 
the  development  of  standard-compliant  Category  3  UTP  cables 
specified  for  frequencies  up  to  16  MHz .  Further  improvement  led 
to  the  development  of  Category  4  for  specifications  up  to  20  MHz 
and  Category  5  for  specifications  up  to  100  MHz.  The  next 
generations  of  Category  6  and  Category  7  cables  are  now 
emerging  in  the  open  market.  The  specifications  of  those 


Categories  reach  200  MHz  and  600  MHz  respectively.  Category  6 
cable  can  be,  and  Category  7  cable  is,  shielded. 

With  the  emergence  of  new  technologies  in  high  frequency 
communication  system,  the  employment  of  multi-conductor 
twisted  pair  cable  has  increased.  The  primary  parameters,  R ,  L ,  G 
and  C,  for  a  such  cables  at  high  frequencies,  are  not  difficult  to 
calculate  [1].  The  calculation  of  the  secondary  parameters,  such  as 
attenuation  constant  a,  the  phase  constant  /3,  the  propagation 
constant  y,  and  the  characteristic  impedance  Z0,  relies  on  the 
calculation  of  the  primary  parameters  [1,2]. 

Cable  manufacturers  and  design  engineers  are  keen  to  understand 
the  behaviour  of  communication  cables,  specifically  twisted  pair 
cables,  at  high  frequencies.  They  need  to  understand  the  effects  of 
changing  the  dimensions  of  the  cable  and  the  material,  particularly 
the  dielectric,  on  cable  performance  at  the  frequency  of  operation. 
Therefore  there  is  a  need  for  a  set  of  design  equations  to  relate  all 
the  secondary  parameters  to  the  zeroth  order  parameters:  cable 
dimensions,  material  parameters  and  the  frequency  of  operation. 
Hence,  the  first  aim  of  this  paper  is  to  develop  a  family  of 
equations  to  describe  the  behaviour  of  twisted  pair  cables  as 
function  of  cable  dimensions,  basic  material  parameters  and 
frequency  of  operation. 

For  a  regular  communication  channel,  where  the  cable  is  uniform 
and  the  matching  between  the  communication  channel 
components  is  perfect,  the  calculation  of  secondary  parameters 
can  be  obtained  using  the  developed  set  of  equations.  But  what 
will  happen  when  the  cable  used  suffers  an  irregularity  ?  And 
what  would  be  the  way  of  measuring  or  calculating  the  secondary 
parameters  of  cable  affected  by  such  variations  along  itself  or  by 
miss-handling  the  cable  properly?  This  paper  addresses  cable 
irregularities  and  the  calculation  of  secondary  parameters.  The 
answer  could  be  difficult  to  find  using  measurements  at  higher 
frequencies  [3].  Hence,  the  need  for  further  analytical 
development  and  the  development  of  a  modelling  technique, 
capable  of  tackling  the  problems  arising  in  testing  cables  at  very 
high  frequencies. 

The  second  approach  illustrated  in  this  paper  is  the  development 
of  a  computer-modelling  tool,  using  the  Transmission  Line 
Matrix,  TLM,  method  [4],  capable  of  simulating  the  behaviour  of 
both  regular  and  irregular  twisted  pair  cables.  The  model  is  able  to 
incorporate  other  parameters  of  the  communication  channel,  such 
as  connectors  and  different  termination,  to  analyse  their 
contribution  to  the  performance  of  the  communication  channel. 
The  next  section  includes  the  derivation  of  the  secondary 
parameter  equations  of  a  twisted  pair  cable. 
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2.  Secondary  Parameters  Derivation 

This  section  presents  the  derivation  of  equation  for  the  calculation 
of  attenuation  constant,  phase  constant  and  hence  propagation 
constant  for  unshielded  twisted  pair  cable  (UTP).  It  also  presents 
the  derivation  of  an  equation  for  the  calculation  of  the  attenuation 
constant  of  a  shielded  twisted  pair  cable  (STP).  Equations  for  the 
calculation  of  both  amplitude  and  phase  of  the  characteristic 
impedance  of  UTP  cables  are  also  derived  and  presented  in  this 
section. 


Substituting  the  values  of  the  primary  parameters  given  in 
equations  3-+  6  in  the  last  equation  with  some  mathematical 
simplifications  gives: 


2.1  UTP  Cables  Attenuation  Constant  Calculation 

The  attenuation  constant  (cO,  can  be  obtained  by  calculating  the 
real  part  of  the  propagation  constant  (y),  where  y  is  given  by  [1]: 

r  =  au+jpu  (1) 

and  pu  is  the  phase  constant.  Letter  u  is  used  to  differentiate 
between  the  unshielded  formula  and  the  shielded  formula 
presented  later  (where  letter  s  is  used).  The  propagation  constant 
is  also  given  as: 


7  ~  yj(R  +  jcoL)(G  +  jcoC) 


Where  R,  L,  G  and  C  are  the  distributed  primary  parameters  per 
unit  length  of  one  segment  of  a  single  pair  cable  and  given  as  [4] : 


L-M.  cosh-4^ 


n  od 

G  = - ^ -  (S/m) 

u-l(D ) 
cosh  — 
d 


where  D  is  the  distance  between  the  centres  of  the  two  conductors 
of  the  cable,  d  is  the  diameter  of  each  conductor  and  Rs  is  the 
surface  resistance  of  the  conductor.  For  low  loss  cables  at 
relatively  high  frequency,  it  can  be  assumed  that  R«  0)  L.  Using 
the  binomial  expansion  of  [5]: 


The  surface  resistivity  for  any  material  can  be  given  as  (Rs  =  Rk  . 
//2),  where  Rk  is  a  constant  related  to  the  conductivity  of  the 
conductor  material,  cr,  and  the  skin  depth,  8 .  For  example,  for 
copper  conductors,  the  constant  Rk  is  given  in  reference  [1]  as 
2.6 1x1  O'7 .  Substituting  Rs  into  equation  9,  and  further  simplifying, 
gives: 


It  is  easier  to  visualise  ‘cause  and  effect’  if  the  equation  is  a 
function  of  the  dielectric  thickness  around  each  conductor  and  the 
conductor  diameter.  Therefore,  if  r  is  the  thickness  of  the 
dielectric  then,  for  the  two-wire  cable,  D  =  2r  +  d  .  Hence,  the 
term  (D/d)  in  the  last  equation  can  be  written  in  terms  of  the 
dielectric  thickness  and  the  conductor’s  diameter  as  (D/d  =  2 r/d  + 
1)  Meanwhile,  the  conductivity  of  the  dielectric  can  be  given  as 
[1]  (&d  ~  coe  =  2nfe  ).  To  obtain  the  attenuation  constant  in 
decibels,  the  last  equation  should  be  multiplied  in  8.686  [1]. 
Hence  equation  10  can  be  further  simplified  to: 


Assuming  that: 


±L 

(l  +  b)  =1±~  For  b«l 

Equation  .2  can  be  simplified  to  the  following  form: 


Comparing  the  above  equation  with  equation  1,  the  attenuation 
constant  can  be  given  as: 


The  attenuation  can  be  written  in  a  simple  form  as: 
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(14) 


(20) 


au  =^uaf/2+aubf  (14) 

It  is  clear  that  is  mostly  a  dimension  dependant  factor  while 
Oub  is  a  material  dependant  factor.  For  a  copper  cable  where  D  = 
0.94  mm  and  d  ~  0.53  mm,  and  attenuation  is  in  dB/\00m  and 
frequency  is  in  MHz,  both  factors  given  in  equations  13  and  14, 
are  calculated  and  found  as;  o^{a  =  1.7259,  =  0.01453. 

Equation  14  is  similar  to  the  equation  commonly  used  by 
manufacturers,  which  is  in  the  following  form  [6]: 


7  =  (<*a  +  J'Pa  )f 22  +  (ab  +  JPb  )f 
which  can  again  be  rewritten  as: 

1/ 


r  =  y  af /2  +rbf 


where, 


and 


Ya 


jPa 


1/  -1/ 

*u  =  af/2  +bf  +  cf  /2 


(15) 


Ya=ab+  jPb 


(21) 


(22) 


(23) 


The  terms  a,  b  and  c  of  equation  15  are  reported  as  [6];  a  =  1.967, 
b  =  0.023  and  c  -  0.1.  It  can  be  seen  that  for  the  high  frequencies, 
the  3rd  term  of  equation  15  will  be  very  small  and  can  be  ignored. 
However,  it  does  not  appear  in  equation  14,  which  was  obtained 
through  direct  analysis  (using  high  frequency  assumption). 

2.2  UTP  Cables  Phase  Constant  Calculation 

Following  the  same  procedure,  comparing  equations  1  and  7,  the 
phase  constant  of  the  UTP  cable  can  be  obtained  as: 


P  = 


oJlc  - 


RG 


4coJlC 


(16) 


It  can  be  seen  that  as  both  attenuation  and  phase  constants  are 
functions  of  cable  dimensions,  material  properties  and  frequency, 
subsequently,  the  propagation  constant  is  also  obtained  as  a 
function  of  the  cable  dimensions,  materials  properties  and 
frequency.  The  next  secondary  parameter  discussed  is  the 
characteristic  impedance  of  the  cable  that  is  analysed  in  the 
following  sub-section. 

2.4  UTP  Cables  Characteritic  Impedance 
calculation 

It  is  well  known  that  the  characteristic  impedance,  Z0  can  be  given 
as  [1]: 


For  a  low  loss  cable,  the  phase  constant  may  be  represented  by  the 
1st  term  of  the  above  equation;  this  is  common  practice  [1].  But, 
for  accurate  calculations,  for  any  cable  and  over  a  large  range  of 
frequencies.  It  is  more  appropriate  to  use  equation  16.  Again, 
substituting  equations  3— ►  6  in  equation  16  and  with  some 
mathematical  simplification  the  phase  constant  can  be  obtained  as: 


,  _  u 

-\IG 


+  jcoL 
+  jcoC 


(24) 


P  =  Paf1/2  +  Pbf 


(17) 


As  it  is  a  complex  quantity,  both  impedance  amplitude  and  phase 
are  derived  as  functions  of  cable  dimensions,  materials  properties 
and  frequency  of  operation. 

2.4.1  Amplitude  Calculations:  Squaring  both  sides  of 
equation  24  and  taking  the  magnitude  gives: 


where: 

1 7  ^  1  = 

R2  +  co2  L2 

r 

i 

1  1  1 

G2  +  co2C2 

Pa 


~Rk£ 


2 dyf/dje  cos h  J 


d 


*+1 
d _ 


2t 


+ 1 


0.5 


(25) 


(18) 


Therefore  the  magnitude  of  the  characteristic  impedance  Z0  can  be 
given  as: 

.0.25 


\2o  = 


and 


.R2  +  (oh?_ 
G2  +  co2  C2 


(26) 


Pb  = 


(19) 


It  is  clear  that  equation  17  is  obtained  in  a  similar  form  to  that  of 
equation  14  as  a  function  of  cable  dimensions,  material  properties 
and  frequency 

2.3  UTP  Cables  Propagation  constant  calculation 

For  the  unshielded  twisted  pair  cable,  substituting  equations  14 
and  17  in  equation  1,  a  simple  formula  for  the  propagation 
constant  can  be  obtained  as: 


Using  equations  3  6,  and  replacing  ad  by  (  o $  =  coe  =  2itfe  ), 

the  above  equation  can  be  mathematically  simplified  as  a  function 
of  cable  dimensions,  material  properties  and  frequency  to: 


i-  a! 

^(cosh  ~1 

(i+2t/)) 

01  j 

[2.6IXIO-7 ) 

T 

( 2r  +  d )2 

4k2 rf2/7-75r  (r  +  d) 


•  jj 2 (cosh  4;  +  2^f 


n0.25 


(27) 
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To  enhance  clarity  equation  27  can  be  rearranged  in  the  form: 

,  ,  x  x 0.25 

n-4— 


'(cosh 


is  a  function  of  dimensions, 


LZ0  ■  y  tan  7 


Since  [5]: 


tan  1  ((j))+  tan  ^(#)=  tan  ^  — — —  +6 

V  '  1-M 


\2.61  x  10~7  J  (2t  +  d)2 


4n2d2fL75T  {t  +  d) 
frequency,  but  note  the  10' 14  term. 


is  a  function  of  dimensions  and 


?(cosh  ~}(l  +  2r/Jf 


is  a  function  of  materials  and 


dimensions,  and 


(e"2+e2) 


is  a  function  of  material  properties  only. 


f  (fr&  >  l,(f)  >  0 

e  =  0,  ^  < 1 

\j  n,  <j>&  >  l,(j)  <  0 

Therefore  equation  32  can  be  rewritten  as: 

co  L  (o  C 

LZ0  =-  tan"7  77  G  - 
0  2  co  L  co  C 

1  + - • - 

i?  G 


At  high  frequencies,  assuming  that  b  «  c  and  eM<<e  then 
equation  27  can  be  simplified  as: 


f(.cosh~T  +  ^))[  /(cosh"7(/  + 


K 

e2 

/cosh-V^J  | 

(,u(cosh  ~1{1  +  2%)) 

K  V 

e 

Hence,  at  high  frequencies,  the  magnitude  of  the  characteristic 
impedance  of  the  cable  may  be  simplified  to  the  following  form: 


Equation  29  is  similar  to  the  equation  reported  by  [1]  at  high 
frequencies. 

2.4.2  Phase  Calculations:  Again,  squaring  both  sides  of 
equation  24  and  taking  the  phase  gives: 


co  L  co  C 


Therefore  6  of  the  above  equation  goes  to  zero  and  hence,  the 
phase  of  the  characteristic  impedance  can  be  simplified  to: 


1  {  ;  f  co  LG  -  co  RC 

LZ0  =  -  tan  1  - - - 

2  RG+co2LC 


Once  again,  substituting  equations  3->6  in  the  above  equation, 
the  phase  constant  of  the  characteristic  impedance  will  be  given  in 
terms  of  cable  dimensions,  materials  and  frequency,  after  some 
mathematical  simplifications,  in  the  following  form: 


.  7  1  -j  ae£  f/2  ~bd£ 

LZq  =  -  tan  - j/ - - 

aeef^2+bde' 


aQ  =  KVd 


j  _  t  6)  7  _  j  co  C 

LZi  =  tan  -  -  tan  - 

0  R  G 


Using  de  Moivre’s  theorem  [5],  the  phase  constant  of  the 
characteristic  impedance,  Z0,  is  given  as: 


j  {  _][  co  L  '  _,(  o)  C 

LZn  =  —  tan  -  -  tan  - 

°  2  R  G 


which  can  be  rearranged  to  [5]: 


2.61x10  7 _ (/  +  2r/d} 

d  cosh  /2  (1  +  2y^)  ^T/d  ^  +  T/d ) 


Equations  34  and  35  demonstrate  that  ae  is  a  function  of  the  cable 
materials  and  be  is  a  function  of  its  dimensions,  therefore  equation 
33  is  a  function  of  materials,  dimension  and  frequency  as  required 

At  this  stage,  the  only  secondary  parameter  that  is  not  discussed  here 
is  the  return  loss.  This  is  investigated  in  detail  in  an  associated  paper 
[7].  The  next  subsection  illustrates  the  derivation  of  a  similar 
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equation  for  the  calculation  of  the  attenuation  constant  of  a  shielded 
twisted  pair  cable  (STP). 

2.5  STP  Cables  Attenuation  Constant  Calculation 

For  this  analysis,  it  will  be  assumed  that  the  shield  is  a  perfect 
cylinder.  In  this  case,  the  inner  diameter  of  the  shield  Ds ,  is  twice 
the  distance  between  the  centres  of  the  conductors,  (i.e.  =  2D). 

The  attenuation  constant  due  to  the  conductors  and  the  shielding 
material,  ac ,  is  given  by  [1]  as: 


R,  in  the  above  equation,  is  the  resistance  per  unit  length,  Q/m, 
and  is  given  as  [1]: 


R._2RsLl+i1IZ.(I_  A 
Kd  4p4  V  'I 


where  p  -  D/d  and  q  ~  D/Ds.  As  D  ~  d+2r,  p  and  q  can  be 


d  +  2t  ,  2t 

p  = - =  1  +  — 

F  d  d 


For  a  copper  conductor,  the  surface  resistivity  is  R$2  =  2.61  xlO'7 
//2,  and  for  an  Aluminium  shield,  the  surface  resistivity  is  RSi  = 
3.26><1  O'7  f/2.  However,  to  make  the  design  equations  more 
general,  the  surface  resistivity  for  the  conductors  is  taken  as  R$2  = 
Rkif/2> and  for  the  shield  as  RS}  =  Rkif/2-  Rki  and  Rk2  are  constants 
related  to  the  conductivity,  <r,  and  the  skin  depth,  5,  of  both  the 
conductors  and  the  shield  respectively.  Substituting  equations  38 
and  39  in  equation  37,  the  resistance  R  will  be  given  as  a  function 
of  the  conductor  diameter  d,  the  dielectric  thickness  r,  and  the 
frequency  of  operation  f  Equation  37  may  now  be  further 
simplified  to  the  following  form: 


7  Rk2 


l  +  4\l  +  — ' 

d 


2{d  +  2t)\ 


f/2  (40) 


The  characteristic  impedance  Z0,  of  equation  36  is  given  as  [1]: 


Z0  =^~  In \2p  1—11 


Using  the  dielectric  factor  q  =  anc^  equations  38  and  39, 

equation  41  can  be  further  simplified  to: 


=-J—  In  ji.2[  7  +  — 
n  V  £  d 


Using  the  values  of  R  and  Z0  given  in  equations  40  and  42 
respectively,  the  attenuation  due  to  the  conductor  given  in 
equation  36,  can  then  be  written  as: 


which  can  be  simplified  to  the  following  form: 


The  attenuation  due  to  the  dielectric  is  also  given  by  [1]  as: 


Substituting  both  o  and  rj,  by  their  values,  the  last  equation  can  be 
simplified  to  the  following  form: 

xe'JZZf  (45) 

V  £ 

Using  equations  44  and  45  and  simplifying,  the  total  attenuation 
as  in  dB/m  can  be  given  as: 


Given  that: 


(46) 
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Equation  46  can  now  be  simplified  and  written  in  the  following 
form: 


1/ 

as=asaf/2  +asbf  (49) 

This  is  similar  to  equation  14  developed  earlier  for  the  calculation 
of  the  attenuation  constant  for  unshielded  twisted  pair  cable.  It 
should  be  noted  that  the  /  term  asb  is  exactly  equivalent  to  the  / 
term  of  a  UTP  cable  in  equation  14.  The  only  variation  will  arise 
from  different  effective  permittivity  due  to  presence  of  the  shield. 
In  here,  an  equation  for  the  calculation  of  the  attenuation  constant 
of  a  shielded  cable  has  been  developed.  A  set  of  similar  design 
equations  for  the  calculations  of  the  rest  of  the  secondary 
parameters  can  also  be  developed  in. 

The  next  section  of  this  paper  illustrates  the  development  of  a 
modelling  approach  for  the  simulation  of  both  regular  and 
irregular  twisted  pair  cables  (UTP),  which  can  incorporate  other 
communication  channel  components  such  as  connectors  into  the 
model.  The  modelling  method  used  is  the  Transmission  Line 
Matrix  (TLM)  modelling  method. 

3.  TLM  Model  of  a  UTP  cable 

The  Transmission  Line  Matrix  (TLM)  modelling  method  is  a  time 
domain  numerical  analysis  technique  that  was  originally 
developed  at  Nottingham  University  in  the  early  1970s  [8].  It  is 
based  on  the  representation  of  the  modelled  physical  phenomena 
by  a  network  of  transmission  lines.  Any  model  developed  using  a 
TLM  approach  consists  of  many  transmission-line  segments 
connected  together  [4].  For  the  purpose  of  this  paper,  TLM  may 
be  understood  via  a  description  of  a  twisted  pair  cable  model.  One 
elemental  section  (of  length  Al)  of  a  lossy,  single  pair  cable  is 
shown  in  figure  1 . 

As  described  in  [9]  and  [10],  the  combination  of  L  and  C  can  be 
replaced  by  a  link  line  of  impedance  (Z0=(L/C)1/2),  and  the  time 
step  for  a  wave  to  propagate  one  TLM  node  is  (At=(L.C)I/2).  R 
and  G,  as  they  are  not  time  dependent  parameters,  are  left  in  the 
TLM  model  without  change.  For  a  regular  cable,  ZQ  would  replace 
the  LC  combination  at  every  segment  along  the  cable.  If  the  cable 
is  not  regular,  then  L  and  C  are  not  the  same  along  the  cable, 
hence  to  keep  a  constant  time  step,  At ,  for  iterative  TLM  method, 
the  minimum  inductance,  Lmin  and  minimum  capacitance  Cmi„  are 


computed  and  combined  in  a  link  line  of  impedance 
(Zmi„ = l/2) . The  remaining  parts  of  both  L  and  C  at  each 
node  are  calculated  and  replaced  by  stub  transmission  line 
models,  having  their  impedances  as  in  [9,10].  The  time  step  in  this 
case  is  calculated  as  (Atmin=(Lmitv  Cmin)I/2). 


Al 


Figure  1.  One  segment  of  transmission  line 
showing  its  primary  parameters 

The  TLM  model  of  two  neighbouring  segments  can  then  be 
obtained  and  their  Thevenin  equivalent  circuit  as  in  figure  2. 


Figure  2.  TLM  model  of  two  segments  of  the 
cable  and  its  Thevenin  equivalent  circuit. 

The  variation  of  both  L  and  C  may  come  about  due  to  regular  or 
random  variations  in  the  distance  between  the  centres  of  the 
conductors  (changing  the  thickness  of  the  dielectric  or  dielectric 
non-uniformity).  The  benefit  of  the  developed  TLM  approach  is 
that  the  stubs  may  be  ignored  in  the  case  of  modelling  a  regular 
cable.  This  process  reduces  the  overall  computing  time  required  to 
run  the  TLM  program.  Hence  the  same  TLM  model  can  actually 
be  used  for  the  simulation  of  both  regular  (uniform)  and  irregular 
(non-uniform)  twisted  pair  cables.  It  should  be  mentioned  that  the 
twist  length  is  taken  into  account  by  calculating  the  actual  length 


International  Wire  &  Cable  Symposium 


116 


Proceedings  of  the  49th 


of  the  cable  to  be  used  for  the  calculation  of  the  number  of  the 
TLM  nodes  (segments)  that  represent  the  whole  cable. 

Using  the  parallel  generator  theory,  the  nodal  voltage  of  the  above 
circuit  can  be  obtained  as: 


2kK  ,  2kvcj  ,  2kf%  -2kvtn 

Zjn _ ZCn  R  +  Zm  +  ZIn 

11  1 

—  + - + - +  Gn 

Zm  ZCn  R  +  Zm  +  ZIn 


(50) 


Using  the  process  described  in  [8,9],  incident  and  reflected 
voltages  on,  and  from,  the  stubs  and  the  TLM  links  can  be 
computed  and  used  in  the  iterative  solution  of  the  wave 
propagation  along  the  cable.  Further  details  about  the  TLM 
method  can  be  obtained  from  [4]  and  about  the  twisted  pair  cable 
model  from  [9,10]. 

In  order  to  compute  the  secondary  parameters  of  the  cable,  namely 
attenuation  and  return  loss,  S-parameters  of  the  cable  should  be 
obtained.  Knowing  both  near  and  far  end  incident  and  reflected 
voltages  of  the  TLM  model  of  the  cable  in  the  time  domain,  their 
values  in  the  frequency  domain  and  at  the  frequency  of  operation 
can  be  obtained  with  the  use  of  a  Fourier  Analysis  program. 


4.  Implementation  and  Results 

The  first  sub-section  validates  both  approaches  against 
measurements.  And  the  second  sub-section  is  to  report  the 
implementation  of  the  TLM  model  for  the  calculation  of  secondary 
parameters,  under  different  working  conditions  of  the  cable. 

4.1  Validation 

In  order  to  validate  the  analysis  and  modelling  approaches,  the 
attenuation  constant  of  UTP  cable  is  calculated  using  equation  14 
and  computed  using  the  TLM  approach  where  the  dimensions  of  the 
cable  are:  D  =  0.94  mm,d  =  0.53  mm  and  the  lay  length  11  =  20  mm. 


Figure  3.  Calculated,  modelled  and 
measured  attenuation  for  100m  cable. 


Then  results  obtained  using  both  approaches  were  plotted  along 
with  the  measured  data  for  the  same  cable  as  function  of  the 
frequency  as  in  figure  3. 

For  the  same  cable,  both  phase  and  propagation  constants  were 
calculated  using  equations  17  and  23  respectively.  Both  sets  of 
results  were  validated  against  standards  equations  obtained  from  [1] 
and  plotted  as  in  figures  4  and  5  respectively. 


Figure  4.  Calculated  phase  constant  as 
a  function  of  the  frequency. 


Figure  5.  Calculated  propagation 
constant  as  a  function  of  frequency. 

For  the  same  cable,  the  amplitude  of  the  characteristic  impedance  is 
calculated  using  equation  28  and  plotted  along  with  results  obtained 
using  the  standard  equation  24  and  plotted  as  a  function  of  the 
frequency  as  in  figure  6. 

For  a  shielded  twisted  pair  cable  where  the  cable  dimensions  are: 

D  =  1.52  mm.  d  =  0.574  mm.  11  =  20  mm 

The  screen  tape  thickness  was  0.062  mm.  It  consisted  of  2  layers. 
The  outside  layer  was  of  0.05  mm  aluminium  alloy  and  the  inner 
side  layer  was  of  0.12  mm  polyester.  Equation  49  was  used  for  the 
calculation  of  the  attenuation  constant.  Results  are  plotted  along 
with  the  measured  data  as  illustrated  in  figure  7. 
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Figure  6.  Calculated  amplitude  of  Za 
as  a  function  of  frequency. 


Frequency  (MHz) 

Figure  7.  Calculated  and  measured 
attenuation  constant  for  SIP  cabie 

4.2  TLM  model  applications 

The  TLM  model  described  earlier  is  used  for  the  calculation  of  both 
attenuation  constant  and  return  loss  for  the  UTP  cable  investigated 
in  this  paper.  Results  for  the  attenuation  of  a  regular  cable  were 
reported  earlier  along  with  those  obtained  using  the  design 
equations  for  validation  purposes.  Results  for  the  return  loss  of  a  lm 
link  terminated  with  a  matched  load  at  the  far  end  are  illustrated 
with  those  obtained  for  irregular  cable  for  comparison  purposes  in 
the  following  sub-sections.  The  TLM  model  is  then  used  to 
investigate  the  irregularity  effects  on  both  time  domain  and 
frequency  domain  responses  of  the  cable. 

4.2.1  Handling  effects:  For  the  same  category  5  UTP  cable 
investigated  here,  exhibiting  a  cyclical  variation  in  the  separation 
of  individual  wires  of  the  pair  by  ±100  microns,  with  five  such 
cycles  per  meter  length.  A  voltage  source  of  a  step  wave  are 
applied  and  the  serial  resistance  of  the  source  is  10  mQ,  the 
attenuation  constant  is  calculated  and  plotted  as  a  function  of 
frequency  along  with  the  regular  cable  results  as  illustrated  in  figure 
8. 
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Figure  8.  Calculated  and  measured 
attenuation  for  a  deformed  cable. 

The  return  loss  of  the  cable  is  also  computed  for  both  cases  of 
regular  cable  and  a  deformed  cable.  Both  sets  of  results  are  plotted 
in  figure  9. 
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Figure  9.  Calculated  and  measured 
return  loss  for  a  deformed  cable. 


4.2.2  Pig-tailing  effects:  Again,  both  ends  of  the  same  cable 
were  connected  between  a  source  and  a  load  via  a  pig-tail 
connection  illustrated  in  figure  10. 


Sl 

Figure  10.  Illustration  of  pigtail 
connection. 
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For  aim  length  of  cable  where  Sm  =  2.5  mm  and  Si  =  10  mm,  the 
attenuation  constant  was  calculated  and  is  plotted  as  a  function  of 
the  frequency  along  with  the  “no  pig-tailing”  case.  Results  are 
illustrated  in  figure  1 1 . 


Frequency  (Hz) 


Figure  11. Attenuation  computed  for  a 
pigtailed  and  uniform  case. 

While  return  loss  for  both  cases  are  also  computed  and  plotted  as 
illustrated  in  figure  12 


Figure  12.Return  loss  computed  for  a 
pigtailed  and  uniform  case. 


5.  Conclusions 

A  family  of  design  equations  has  been  developed  to  describe  the 
behaviour  of  twisted  pair  cables  as  functions  of  cable  dimensions, 
materials  properties,  and  frequency  of  operation.  They  are  validated 
against  measurements  and  an  excellent  agreement  between  both 
measured  and  calculated  data  have  been  demonstrated. 


A  TLM  model  for  a  twisted  pair  cable  is  developed.  The  model  is 
capable  of  simulating  both  regular  and  irregular  cables.  It  also 
incorporates  the  modelling  of  various  communication  channels 
elements,  such  as  connectors.  This  provides  a  unique  tool  for  the 
investigation  of  the  performance  of  twisted  pair  channels  under 
different  working  conditions. 

Results  obtained  for  a  regular  cable,  using  the  TLM  model  show  a 
very  good  agreement  with  both  analytical  and  measured  sets  of  data. 
The  model  is  then  used  for  the  investigation  of  defected  cable 
performance.  Defects  represented  by  changing  the  distance  between 
the  centres  of  the  wires  in  some  places,  which  provides  an 
impedance  discontinuity  along  the  cable.  Analytical  solutions  for 
such  cable  performance  prediction  are  very  difficult  if  not 
impossible  to  obtain.  Results  are  plotted  for  both  attenuation  and 
return  loss  along  with  those  for  a  regular  cable.  They  illustrate  the 
irregularity  effects  on  the  obtained  results. 

Another  reason  for  impedance  discontinuity  is  the  ‘pig-tailing’ 
connection  between  both  ends  of  cable  and  connectors  at  both 
source  end  and  load  end.  Such  conditions  provide  variable 
impedance  values  between  the  nominal  impedance  of  the  cable  and 
may  be  4  times  its  value.  Again,  attenuation  and  return  loss 
calculations  illustrate  the  fact  that  a  good  attention  and  care  should 
be  taken  when  installing  short  communication  links. 

The  paper  provides  a  simple  set  of  secondary  parameter  equations 
that  rely  directly  on  the  physical  parameters  of  the  cable  and  hence 
make  them  suitable  to  be  used  as  a  reference  for  future  cable 
developments.  It  also  provides  a  fast,  flexible  and  accurate  approach 
that  can  be  used  for  the  investigation  of  cable  performance  under 
different  working  conditions. 
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Abstract 

In  this  paper,  a  methodology  of  electromagnetic  modeling  of 
twisted  pair  cables  is  discussed.  First,  a  brief  description  of  the 
cable  design  environment  is  provided.  This  environment  is  used 
for  entering  cable  design  data  including  materials,  plating, 
stranding,  twisting,  and  wire  naming.  The  geometrical  information 
is  then  processed  in  order  to  calculate  a  realistic  model  of  a 
twisted  pair  cable.  The  resulting  model  of  the  cable  is 
subsequently  analyzed  numerically  using  a  combination  of  finite 
element  and  boundary  element  methods.  The  skin  depth  parameter 
is  used  for  optimal  meshing.  Unit  (L,R,C,G)  parameters,  are 
verified  against  analytical  and  measurement  results.  Propagation 
parameters  which  are  calculated  for  selected  frequencies,  are  then 
used  to  build  frequency  dependent  circuit  models  of  twisted  pair 
cables.  Finally,  a  circuit  simulation  environment  is  introduced  and 
TDR  simulation  results  are  presented. 

1.  Introduction 

There  is  strong  pressure  to  rapidly  design  and  implement  new 
systems  operating  at  continuously  increasing  speeds.  When 
prototyping  is  too  expensive  and  too  slow,  computer  modeling 
may  offer  a  cost  effective  solution.  However,  digital  systems  now 
utilize  frequencies  into  the  GHz  range.  At  these  frequencies  cable 
attenuation,  dispersion  and  cross-talk  affect  the  signal  quality  and 
system  performance  in  a  significant  way.  Modeling  has  proven  its 
ability  to  predict  these  effects  with  high  accuracy. 

Despite  its  relatively  simple  geometrical  structure,  a  twisted  pair 
cable  is  difficult  to  model  accurately.  With  the  increase  in 
operating  frequencies,  the  secondary  effects  that  were  originally 
neglected  in  theoretical  studies  of  cables  [1]  gained  importance.  It 
is  now  necessary  to  include  twisting  of  wires  and  pairs,  stranding 
[2]  and  plating  when  building  cable  models.  It  is  impossible  to 
build  an  accurate  model  without  considering  skin  and  proximity 
effects  in  wires,  eddy  currents  in  cable  shields,  and  dielectric 
losses  in  insulation.  The  skin  effect  causes  reduction  of  the 
interconnect  inductance  and  a  rapid  increase  of  the  interconnect 
equivalent  resistance.  Since  conductor  and  shield  losses  were 
analyzed  numerically  much  earlier  for  power  cables  [3, 4, 5, 6],  a 
similar  technique  was  adopted  in  the  development  of  OptEM 


Cable  Designer  [7]  in  order  to  calculate  unit  parameters  of  high 
frequency  cables.  Once  the  current  distribution  is  considered  the 
losses  and  frequency  dependence  of  unit  parameters  can  be 
calculated.  These  values  are  then  to  be  included  in  cable  circuit 
models,  which  is  also  a  difficult  task. 

2.  Cable  Design  Environment 

Despite  its  simple  geometrical  structure,  twisted  pair  cable  design 
offers  challenges  for  numerical  modeling  and  electromagnetic 
simulation.  Since  results  of  numerical  simulations  cannot  be  more 
accurate  than  the  geometrical  models  representing  the  cable,  it  is 
essential  to  specify  the  cable  geometry  as  accurately  as  possible. 
To  achieve  this  goal  we  introduced  a  two  stage  process  which 
allows  detailed  specification  of  the  cable  design  parameters  like 
wire  and  insulation  dimensions,  materials,  stranding,  and  lay 
length  using  a  graphical  interface  (Figure  1)  and  a  three  step 
procedure  of  collapsing  the  geometrical  data  described  in  the  next 
section  -  Modeling  Realistic  Cable  Geometry. 

The  graphical  user  interface  provides  a  hierarchical  environment 
in  which  the  user  can  draw  a  wire,  and  assign  parameters  which 
include  conductor  details  like  plating  and  stranding  and  its 
insulation.  The  wire  can  be  subsequently  saved  as  an  independent 
design  which  can  be  used  at  the  next  level  as  a  building  block  for 
a  pair.  The  pair  can  then  be  used  a  number  of  times  as  a  building 
block  for  a  bundle  etc.  The  entire  process  of  assembling  a  real 
cable  can  be  replicated  in  this  multistage  process  of  specifying 
instances  and  levels.  Proper  assignment  of  instance  names  (Figure 
1)  also  allows  an  automated  (hierarchical)  naming  of  wires  in  the 
extracted  circuit  model  of  the  entire  cable. 

The  graphical  environment  also  allows  the  user  to  specify  and 
assign  different  twisting  parameters  to  any  instance  that  is  defined 
during  the  design  process.  The  cable  is  assembled  at  specific 
locations  (cross-sectional  points).  All  instances  can  be 
individually  placed  and  rotated  at  any  level  in  order  to  produce  a 
realistic  geometrical  structure  at  a  particular  location.  In  addition, 
each  instance  carries  information  related  to  its  lay  length  which 
allows  the  program  to  automatically  generate  cross-sectional 
information  at  any  location  of  the  cable  or  to  assemble  a  three 
dimensional  model  of  any  section  of  the  cable. 


International  Wire  &  Cable  Symposium 


121 


Proceedings  of  the  49th 
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Figure  1.  Graphical  interface  for  cable  design  parameters  like  wire  and  insulation  dimensions,  materials, 
stranding,  and  lay  length  offers  a  hierarchical  environment  in  which  the  user  can  draw  a  wire,  which  is  used 
at  the  next  level  as  a  building  block  of  a  pair,  which  subsequently  is  used  as  a  building  block  of  a  bundle  etc. 

geometrical  data  was  introduced.  This  process  must  be  performed 
before  the  electromagnetic  analysis  of  the  cable  can  start. 

First  the  cable  building  blocks  are  collapsed  in  the  sequence  they 
are  assembled,  starting  from  pairs  or  quads  and  their  insulation. 
Then  the  bundles  are  pressed  together  followed  by  the  collapsing 
of  the  cable  enclosure  (Figure  2). 

collapsing  force,  a  three  step  procedure  of  post  processing  the 


3.  Modeling  Realistic  Cable  Geometry 

A  realistic  geometrical  model  of  a  cable  must  consider  the 
collapsing  of  the  cable’s  initial  geometry  under  the  pressure  of 
external  insulation  and  shield  and  in  the  presence  of  core  twisting. 
Since  the  wires,  pairs  and  other  building  blocks  of  the  cable 
cannot  maintain  a  spatial  separation  in  the  presence  of  the  external 


Figure  2.  The  first  stage  of  collapsing  the  cable  geometry  removes  redundant 


space  between  pairs,  quads,  their  enclosures 
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The  second  stage  of  collapsing  is  related  to  individual  movements 
of  instances  in  specific  cross  sections.  As  pairs  are  rotated 
additional  space  may  be  available  between  wires.  Since  this 
additional  space  results  from  the  fact  that  a  twisted  pair  does  not 
have  a  circular  cross  section,  it  is  important  to  include  information 
about  pair  twisting  when  collapsing  space  between  pairs.  This 
collapsing  can  be  performed  by  assigning  a  tolerance  to  a  helical 
path  of  a  pair  and  allowing  the  pair  to  deviate  from  the  path  only 
by  a  certain  amount,  which  is  dependent  on  positions  of  the  pair 
before  and  after  the  cross  section  that  is  investigated  (Figure  3). 
The  user  has  to  provide  the  distance  between  cross  sections  to  be 
linked  and  the  acceptable  level  of  deformation  of  the  helical 
radius  of  the  weight  center  of  the  pair.  This  process  is  repeated 
for  every  three  consecutive  cross  sections  until  the  entire  segment 
of  the  cable  is  analysed. 


Figure  3.  The  second  stage  of  geometry  collapsing 
links  consecutive  cross  sections  along  the  cable 
length.  Pairs  are  moved  towards  the  centre  of  a 
bundle.  The  difference  of  the  pair  position  is 
calculated  for  three  consecutive  cross  sections  and 
the  process  is  stopped  when  the  deformation  of  the 
radius  of  the  helical  path  surpasses  the  tolerance 
level  assigned  by  the  user 


The  final  stage  of  cable  collapsing  is  related  to  deformation  of 
external  insulation  and  shield  which  is  stretched  over  the  concave 
assembly  of  wires  (Figure  4).  The  deformation  is  dependent  on 
mechanical  properties  of  the  enclosure  and  must  be  selected  by 
the  user.  The  user  simply  specifies  an  allowable  deformation 
parameter  (0%  <  x  <  100%)  which  is  used  to  calculate  a  min  and 
max  allowable  radius  of  the  enclosure  based  on  the  circular  radius 
of  the  original  shape.  It  is  assumed  that  the  enclosure  follows  a 
convex  path  and  that  0%  deformation  means  that  the  shield 
maintains  its  original  circular  shape.  The  min  and  max  allowable 
radius  of  the  enclosure  curvature  is  calculated  from  the  following 
equations: 


100  -X  100 

mm  =  radius - max  =  radius - (l) 

100  100  —  jc 


4.  Numerical  Analysis 

Despite  the  small  dimensions  of  wires  in  today’s  high  frequency 
cables  the  skin  and  proximity  effects  are  well  developed  and  cause 
the  current  to  follow  generally  in  a  non-uniform  path  in  wire  cross 
sections.  This  frequency  dependent  behavior  of  the  current  has  a 
predominant  influence  on  the  selection  of  the  analysis  method  to 
determine  unit  propagation  parameters  of  the  cable.  Since 
electromagnetic  field  distribution  and  losses  in  power  cables  were 
analyzed  numerically  much  earlier  [3-6],  a  similar  technique  was 
adopted  in  the  development  of  OptEM  Cable  Designer  [7]  in 
order  to  calculate  unit  parameters  of  high  frequency  cables. 


X  =  0 
min  =  1.77 
max  =  1.77 


x  =  50 
min  =  0.89 
max  =  3.54 


x  —  100 
min  =  0 
max  =  infinity 


Figure  4.  By  increasing  the  value  of  the 
deformation  parameter  (0%  <  x  <  100%),  the  user 
can  control  the  final  shape  of  the  cable  enclosure 

Most  currently  available  commercial  field  solvers  solve  static 
equations  which  do  not  allow  the  calculation  of  current 
distribution  inside  conductors.  However,  the  field  solver  used  in 
the  OptEM  Cable  Designer  software  does  numerically  calculate 
current  density  (J)  in  the  conductor  cross-sections.  Theoretically, 
a  second  order  partial  differential  equation  known  as  the 
Helmholtz  equation  can  be  used  to  calculate  current  distribution 
in  conductors  [1,3,8]: 

AJ  =  j  COJLL  y  J  (2) 

where:  co  -  circular  frequency,  ju-  permeability,  y  -  conductivity. 


However,  there  are  some  obvious  advantages  in  adopting  the 
equivalent  representation  of  the  Helmholtz  equation  known  as  the 
Fredholm  integral  equation  of  the  second  kind,  for  calculating 
unit  parameters  of  cables [3, 4, 8].  In  two-dimensional  space  (cross- 
section  of  the  transmission  system)  the  longitudinal  component  of 
the  current  density  can  be  calculated  from  the  following  integral 
equation  [3,8]: 

(3, 
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where:  A(M)  -  represents  external  (source)  field.  P  and  M 
represent  points  in  the  cross-section. 

OptEM  Cable  Designer  calculates  current  distribution  by  solving 
equation  (3)  using  a  combination  of  Finite  Element  Method 
(FEM)  and  Boundary  Element  Method  (BEM). 

Bulky  conductors  are  divided  into  finite  elements,  whereas  ground 
and  power  planes  are  modeled  as  multilayer  boundaries  (as  shown 
in  Figure  5).  Although  difficult  at  the  programming  stage  this 
method  is  the  most  efficient  technique  of  solving  the  Helmholtz 
equation  for  practical  interconnect  applications. 


Figure  5.  Calculation  of  L,R  values  using  a 
combination  of  BEM  and  FEM 

Numerical  solution  of  the  integral  equation  (3)  requires  selection 
of  an  approximation  technique  and  the  generation  of  linear 
constrains  in  the  form  of  algebraic  equations.  The  approximation 
technique  was  based  on  a  generated  mesh  of  finite  elements  and 
boundary  layers  (Figure  5).  It  was  found  that  the  current 
distribution  within  bulky  conductors  can  be  well  represented  by 
quadratic  elements  whereas  currents  in  thin  and  wide  planes  (like 
ground  and  power  layers)  are  represented  by  cubic  splines  based 
on  boundary  layers.  This  combination  of  finite  and  boundary 
elements  offers  numerical  stability  and  accuracy. 

A  combination  of  different  approximation  techniques  requires  an 
adequate  procedure  for  building  linear  algebraic  equations.  After 
analyzing  different  variational  methods  (including  simple 
collocation)  the  Galerkin  method  was  selected  as  the  only  one 
offering  correlation  between  the  approximation  accuracy  and  the 
numerical  effort  in  setting  up  and  solving  algebraic  equations. 

To  allow  the  calculation  of  unit  propagation  parameters  of  cables 
the  complex,  frequency-dependent  current  distribution  must  be 
calculated  for  a  set  of  independent  source  currents.  The 


inductance  and  resistance  matrices  are  calculated  together  as  the 
imaginary  and  real  parts  of  the  impedance  matrix.  They  are  both 
related  to  the  distribution  of  currents. 

For  a  set  of  conductors  the  current  is  calculated  from  the  current 
density  for  each  conductor  as: 

Ij  =  Jl(M)dSM  (4) 

We  repeat  the  current  calculation  procedure  for  different 
(orthogonal)  voltage  conditions,  [VJ  =  jCOy[A].  In  matrix 
notation: 

[R  +  jo>L][l]  =  [V]  (5) 

In  practice  matrix  [y]  can  be  selected  as  the  diagonal  unit 
matrix,  therefore  the  unit  inductance  and  resistance  matrices  can 
be  calculated  by  separating  the  real  and  imaginary  parts  of  the 
inverse  current  matrix: 

[R]  +  ML]  =  [!]■'  (6) 

Since  the  current  distribution  is  frequency  dependent,  the 
resulting  [L]  and  [R]  matrices  may  be  strongly  affected  by  the 
selection  of  frequency.  Typical  behavior  of  the  wire  inductance 
(measured  against  the  cable  shield)  is  presented  in  Figure  6.  One 
can  observe  the  gradual  reduction  of  inductance  with  the  increase 
of  frequency  and  the  distance  to  the  shield.  Percentage  wise, 
conductors  located  close  to  the  shield  vary  their  frequency- 
dependent  inductance  more  than  conductors  located  far  away  from 
the  shield.  By  solving  the  Helmholtz  equation,  OptEM  Cable 
Designer  automatically  includes  eddy-current  and  proximity 
effects  when  calculating  unit  parameters  (L,R)  of  the  cable. 

Losses  associated  with  a  conductor  include  dc  loss  (due  to 
material  resistivity),  skin  effect  loss  (due  to  non-uniform 
distribution  of  currents  in  the  conductor  cross  section),  and  eddy- 
current  loss  in  neighboring  wires  (due  to  proximity  effect).  Eddy- 
current  losses  constitute  "mutual"  resistance  values. 

Similarly  for  the  current  distribution,  the  charge  distribution  on 
the  dielectric  interface  and  conductor  surface  can  be  calculated 
from  the  Fredholm  integral  equation.  In  two-dimensional  space  (a 
cross-section  of  the  transmission  system): 

-(M)  =  2ro|-'(P)  ,nr(sb)  dlp  +-  (?) 

Additional  constraints  are  applied  to  the  dielectric  interface. 
Finally,  a  condition  for  the  total  charge  is  used  to  calculate  the 
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Figure  6.  Calculated  inductance  of  a  single  wire  (return  path  in  the  shield)  as  a  function  of 
frequency  for  four  different  values  of  the  distance  between  the  wire  and  the  screen 


constant  C : 

Jgcdl  =  0  (8) 

1 


where: 

Ob  -  charge  density, 

/  -  conductor  (and  dielectric  interface)  boundaries. 


[C]-^[G]  =  [o].  (.1) 

A  complex  charge  distribution  in  the  form  of  cubic  splines  is  used 
to  represent  sources  of  the  electric  field  for  lossy  dielectrics.  The 
C  and  G  values  are  calculated  from  charge  distributed  on  the 
surface  of  the  conductors. 


For  the  individual  conductors  the  charge  on  the  surface  is 
calculated  as: 

Q.  =  is  dl  m 

condi 


We  must  repeat  the  charge  calculations  for  different  voltage 
boundary  conditions  [  V]  .  Q  and  V  are  complex  for  lossy 
dielectrics,  and  when  in  a  matrix  notation: 


[Q]=[c-jf][Y] 


(10) 


Similarly  for  the  magnetic  field  calculation,  the  matrix  [  V]  can 
be  selected  as  the  diagonal  unit  matrix  and  therefore  the  unit 
capacitance  and  conductance  matrices  can  be  calculated 
separating  the  real  and  imaginary  parts  of  the  complex  charge 
matrix  as: 


5.  Unit  Parameters  of  Twisted  Pair 
Cables 

The  numerical  method  was  verified  against  laboratory  testing  and 
analytical  formulae  available  for  a  simple  -  single  pair 
configuration  [1].  Comparison  of  calculated  and  simulated  unit 
parameters  is  included  (Table  1). 

We  also  performed  detailed  analysis  of  twisted  pair  cables.  As 
expected  the  unit  parameters  measured  against  the  cable  shield 
oscillate  with  a  period  proportional  to  the  pair  lay  length  (Figure 
7).  These  oscillations  are  substantially  reduced  when  differential 
pair  parameters  are  extracted,  nevertheless  even  for  differential 
pair  resistance  and  capacitance  values  are  strongly  influence  by 
twisting.  Of  course  our  ability  to  measure  these  oscillations  of  unit 
parameters  depends  strongly  on  the  frequency  spectrum  of  the 
signals  used.  For  low  frequency  applications,  with  the  wave 
length  extending  over  the  twisting  period,  the  circuit  model 
remains  valid  based  on  the  average  parameters.  However,  the 
twisting  of  wires  leads  to  changes  in  the  net  (average)  capacitance, 
resistance,  inductance,  and  leakage  of  the  interconnection  line. 
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Table  1.  Comparison  of  analytical,  measurement  and  simulation  results 


Method 

Frequency 

z 

Zphase 

Att 

Phase 

R 

L 

C 

Velocity 

Delay 

MHz 

Ohm 

Deg 

dB/lOOm 

rad/  100m 

Ohm/ 100m 

uH/lOOm 

nF/100 

%  Co 

ns/m 

Kaden  [1] 

1.0 

103.0 

-7.6 

4.1 

3.5 

96.7 

57 

5.52 

0.59 

5.6 

Measured 

1.0 

100.5 

-8.0 

4.3 

3.5 

98.4 

54 

5.63 

0.60 

5.6 

Simulation 

1.0 

99.6 

-9.4 

5.0 

3.5 

115 

53 

5.69 

0.60 

5.6 

Kaden  [1] 

10.0 

94.0 

-1.9 

9.2 

32.6 

198 

49 

5.52 

0.64 

5.2 

Measured 

10.0 

90.0 

-2.2 

11.4 

31.7 

230 

45 

5.63 

0.66 

5.1 

Simulation 

10.0 

88.6 

-2.4 

11.6 

31.6 

237 

44 

5.69 

0.66 

5.0 

Simulation 

100.0 

86.9 

-0.63 

29.3 

310 

583 

43 

5.69 

0.67 

4.9 

And  the  correct  unit  parameters  must  be  calculated  in  order  to 
build  a  valid  low  frequency  model. 

The  oscillation  of  unit  parameters  resulting  from  twisting  can 
significantly  impact  the  performance  of  the  transmission  line  at 
very  high  frequencies.  We  are  convinced  that  for  very  high 
frequencies  the  variation  of  unit  parameters  due  to  wire  twisting 
must  be  included  in  the  model. 

6.  Circuit  Models  and  Circuit  Simulation 

The  calculation  of  L,  R,  C,  and  G  matrices  for  selected  cross 
sections  allows  equivalent  circuit  models  to  be  built  for  uniform 
and  non-uniform  lossy  multiconductor  transmission  lines.  One  has 
to  use  very  efficient  modeling  and  simulation  techniques  to 
analyze  a  substantial  portion  of  a  twisted  pair  cable.  A  practical 
approach  offering  high  accuracy  and  reasonable  computational 
time  was  selected  here.  The  proposed  method  uses  three-types  of 
modeling:  -  the  two  dimensional  analysis  of  uniform,  lossy,  and 
coupled  multiconductor  cross-sections  of  the  cable,  an 
interpolation  and  extrapolation  technique  for  non-uniform 


multiconductor  sections,  and  very  limited  three-dimensional 
analysis  of  selected  discontinuities  like  end  connectors  etc. 
Segments  of  wires  which  are  not  included  in  the  uniform 
transmission  lines  are  not  ignored  but  are  automatically 
interpolated  between  uniform  sections  or  extrapolated  to 
connection  points. 

Electrically  short  transmission  lines,  like  short  segments  of  cables, 
can  be  modeled  accurately  with  lumped  circuits.  Due  to  twisting 
of  wires  the  ladder  model,  which  is  based  on  the  applied 
geometrical  segmentation,  typically  consists  of  LRCG  lumped 
sections  with  various  characteristics.  To  minimize  the  number  of 
components  one  can  combine  segments  by  integrating  their  unit 
parameters  along  the  wire  path.  However,  the  length  of  a  ladder 
section  must  be  carefully  calculated  to  prevent  a  filtering  effect  of 
higher  frequencies  which  may  be  included  in  the  spectrum  of  the 
analyzed  signals.  The  optimal  interconnect  model  consists  of 
lumped  sections  with  a  similar  cutoff  frequency. 

The  numerical  value  of  the  cutoff  frequency  fc  of  a  low-pass  filter 


Figure  7.  Simulated  unit  inductance  of  wires  against  cables  shield 
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-  representing  Ax  section  of  the  cable  -  can  be  calculated  from  the 
following  formula: 


fc< 


(12) 


response  in  Figure  8)  can  provide  realistic  waveforms  for  long 
sections  of  twisted  pair  cables. 

The  extracted  SPICE  cable  models  can  be  used  in  any  circuit 
simulator  to  predict  propagation  delays,  attenuation,  distortions 
and  cross-talk.  The  results  of  frequency  domain  simulation  can 
also  be  presented  in  the  form  of  S-parameters. 


The  highest  frequency^  for  which  this  model  is  valid  must  be 
lower  than  the  cutoff  frequency.  Therefore,  the  ladder  section 
length  in  this  analysis  is  calculated  using: 

A  l 

Ar< - 7  -  (13) 

^  f  h  v  Uiax  Cnax 


7.  Conclusions  and  Future  Directions 

There  are  five  major  contributions  of  the  research  work  described 
in  this  paper: 

o  graphical  design  environment  for  twisted  pair  cables 
was  build, 


where: 

^maxQnax  "  maximum  diagonal  terms  of  the  inductance  and 
capacitance  matrices. 

Using  this  modeling  technique  may  be  very  expensive  numerically 
for  high  frequency  cables.  The  number  of  required  components  in 
the  model  grows  proportionally  to  the  increase  of  the  signal 
frequency  and  cable  length.  In  addition,  substantially  larger 
circuits  are  required  to  model  frequency  dependent  characteristics 
of  the  cables.  To  reduce  model  size  and  offer  frequency  dependent 
response,  a  truly  frequency-dependent  model  can  be  assembled 
using  the  concept  of  modal  propagation.  Comparison  of  TDR 
responses  simulated  for  a  number  of  different  models  is  presented 
in  Figure  8. 

One  can  observe  the  influence  of  the  model  on  the  simulated 
circuit  response.  Models  which  are  built  using  unit  parameters 
calculated  for  a  single  frequency  either  underestimate  the  losses 
for  the  fast  changing  transients  or  overestimate  the  losses  for 
steady  states.  Only  truly  frequency-dependent  models  (highlighted 


o  a  system  for  post  processing  geometrical  information 
was  designed, 

o  a  frequency  dependent  electromagnetic  solver  was  built 
and  initially  verified, 

o  some  frequency  dependent  models  of  twisted  pair  cables 
were  developed, 

o  TDR  environment  for  simulating  twisted  pair  cables  was 
built. 

While  working  on  the  project  we  discovered  that: 

o  Wires  of  high  frequency  twisted  pair  cables  have  cross 
sectional  dimensions  within  the  skin  depth  range,  and 
an  accurate  solution  of  the  Helmholtz  equation  is 
required.  The  Helmholtz  equation  allows  for  the 
analysis  of  eddy-currents,  and  proximity  and  skin  effects 
for  quasi-TEM  propagation. 

o  Calculation  of  losses  in  modeling  twisted  pair  cables 
allows  the  prediction  of  attenuation  and  dispersion  and 
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very  good  correlation  with  experimental  results  for  a 
wide  frequency  range. 

o  Inclusion  of  twisting  in  modeling  twisted  pair  cables  is 
essential  for  prediction  of  cross  talk  parameters. 

o  A  combination  of  Finite  Element  Method  (FEM)  and 
Boundary  Element  Method  (BEM)  offer  an  accurate  and 
efficient  method  for  analyzing  twisted  pair  cables. 

o  Conductor  and  dielectric  losses  represented  by  the 
resistance  and  conductance  matrices  can  be  efficiently 
calculated  together  with  inductance  and  capacitance 
matrices  and  included  in  optimized  twisted  pair  cable 
models. 

o  If  a  model  is  built  based  on  simulation  results  at  a  single 

low  frequency,  the  subsequent  discrepancies  with  wave 
front  modeling  may  occur  and  time  delay  values  can  be 
incorrect.  If  a  model  is  built  and  assembled  for  a  single 
high  frequency,  the  losses  are  overestimated  for  lower 
harmonics,  and  waveforms  cannot  reach  proper  steady 
state  values. 

o  For  predicting  waveforms  (time  domain  simulation)  it  is 
necessary  to  build  frequency  dependent  models  of 
twisted  pair  cables. 

In  continuation  of  this  study  we  plan  to: 

o  Perform  additional  verification  of  the  simulation 
procedures  against  measured  results. 

o  Verify  stranding  and  braiding  models. 

o  Verify  dielectric  loss  calculation  against  measurement. 

o  Optimize  frequency  dependent  models  for  long  sections 
of  twisted  pair  cables. 

o  Perform  statistical  analysis  including  material  and 
manufacturing  tolerances 
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Abstract 

We  show  that  it  is  feasible  to  use  random  noise  source  for  the 
measurements  of  cross  talk.  In  fact,  both  the  pair  to  pair  cross 
talk  as  well  as  the  power  sum  cross  talk  -  we  call  it  the  integral 
power  sum  cross  talk  -  can  be  measured.  For  the  latter  we  use 
power  splitters.  We  compare  the  measurements  with  those, 
which  are  obtained  using  the  traditional  method  with  sinusoidal 
disturbing  signals  and  a  network  analyzer  in  conjunction  with  an 
S-parameter  test  set. 

We  develop  a  method,  which  should  allow,  to  measure  alien 
cross  talk  in  installed  cabling  systems  of  local  area  networks, 
using  hand  held  testers.  By  using  random  noise  sources  to 
energize  over  baluns  and  power  splitters  as  many  cables  as 
deemed  necessary,  it  is  possible  to  assess  the  alien  cross  talk 
susceptibility  of  an  installed  base,  cable  by  cable. 

Keywords 

Alien  cross  talk;  channel;  NEXT;  FEXT;  random  noise;  hand 
held  tester. 

1.  Background 

Cross  talk  is  traditionally  measured,  using  sinusoidal  signals. 
Originally  cross  talk  was  measured  at  specific  discrete 
frequencies.  However,  in  the  last  two  decades,  it  became  more 
and  more  common  to  use  "swept  frequency"  measurements.  This 
is  basically  the  same  measurement  method  at  discrete  frequency 
measurements,  the  only  difference  being  that  the  frequency  point 
density  has  been  substantially  increased. 

With  the  increased  advent  of  digital  transmission  for 
telecommunications,  it  has  been  conjectured,  that  digital  cross 
talk  may  have  a  somewhat  different  behavior  than  cross  talk 
measurements  with  sinusoidal  signals. 

Thus  cross  talk  measurements  have  been  made  with  randomly 
selected  signal  patterns  within  the  considered  coding  scheme. 
However,  the  obtained  results  confirmed  the  validity  of  the 
assumption,  that  the  cross  talk  performance  can  be  correctly 
assessed,  using  sinusoidal  signals. 

Our  objective  here  is  to  indicate  a  way  to  obtain  a  signal,  which 
can  be  used  in  the  field,  to  assess  alien  cross  talk  of  installed 
cabling  systems.  To  achieve  this  we  use  random  white  noise 
generators  to  energize  either  the  disturbing  pair  or  all  disturbing 
pairs  within  one  cable  over  a  power  splitter  simultaneously.  Our 
goal  is  to  demonstrate  the  feasibility  of  using  broadband  random 


white  noise  generators,  based  upon  random  noise  diodes,  to 
measure  the  cross  talk  with  a  spectrum  analyzer. 

The  objective  is  to  explore  the  possibility  to  use  power  splitters 
in  conjunction  with  random  noise  generators  and  an  amplifier,  to 
energize  pairs  within  an  installed  cabling  system,  which  are  not 
under  direct  measurement,  but  which  generate  due  to  their 
proximity  an  alien  cross  talk  in  the  cable  under  measurement. 
For  this  reason  we  limit  our  measurements  on  90  m  of  cable,  and 
for  easier  comparison  we  do  not  consider  the  connecting 
hardware.  However,  it  should  be  mentioned,  that  the  connecting 
hardware  has  also  an  influence  on  the  cross  talk  perfonnance. 

In  this  way,  several  circuits  of  an  installed  cabling  system  can  be 
powered  with  random  noise,  whereas  the  cable  under 
measurement  is  energized  on  the  disturbing  pair  or  pairs,  while 
measuring  the  cross  talk  or  the  alien  cross  talk  alone  on  the 
disturbing  pair. 

2.  Introduction 

We  limit  our  reporting  to  4  pair  cables  only,  each  having  a  length 
of  90  m.  For  our  test  we  use  a  Noise/Com  amplified  noise 
module  NC  1 1 09A,  which  has  a  flat  random  noise  power  output 
in  the  frequency  range  from  100  Hz  to  1  GHz.  The  output  of  the 
random  noise  generator  is  amplified  with  a  broadband  amplifier, 
in  order  to  obtain  a  sufficiently  high  power  level.  We  use 
furthermore  a  passive  power  splitter  M/A-Com  DS-4-4. 

We  use  baluns  from  BH  Electronics,  having  an  operating 
frequency  range  from  3  MHz  to  350  MHz.  We  use  these  baluns 
only  for  their  ease  of  utilization  in  conjunction  with  the  power 
splitters,  having  both  SMA-connectors.  Additionally  they 
simplify  our  task  of  connecting  the  pairs  to  the  baluns. 

The  method  for  the  pair  to  pair  cross  talk  measurement,  using  the 
network  analyzer  is  straight  forward  and  does  not  require  any 
schematics.  In  case  of  the  pair  to  pair  measurements  with  the 
random  noise  generator  the  output  of  the  amplifier  is  directly 
connected  over  a  3  dB  attenuator  to  the  balun,  which  is 
connected  to  the  disturbing  pair. 

For  the  measurement  of  the  integral  power  sum  NEXT  we  use 
the  set-up  shown  in  Fig.  1,  whereas  for  the  integral  power  sum 
IO-FEXT  we  use  the  set-up  according  to  Fig.  2. 

For  termination  of  the  pairs  we  use  resistors  supplied  by  JC 
Electronics  Corp,  which  are  especially  designed  for  testing  at 
higher  frequencies. 
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The  common  mode  port  of  all  the  baluns  used  is  terminated  with 
a  50  Ohm  resistor. 

For  all  our  measurements  we  use  an  HP-4 195  A 
Spectrum/Network  analyzer.  The  HP-4 195 A  instrument  allows 
both,  the  measurement  of  the  S-parameters  and  the  power 
spectrum  measurement 

3.  Methodology 

3.1  Normal  pair  to  pair  and  power  sum  cross  talk 
measurements 

The  measurements  of  pair  to  pair  cross  talk,  using  the  network 
analyzer  in  conjunction  with  an  S -parameter  test  set  are  straight 
forward:  The  loss  of  the  baluns  used  for  the  measurements  is 
determined,  and  is  subtracted  from  the  measured  values  of  cross 
talk,  which  include  the  loss  of  the  baluns. 


Fig.  1  :  Set-up  of  Power  splitter  for  measuring  power  sum  NEXT 
for  pair  #  1 


Fig.  2:  Set-up  of  Power  splitter  for  measuring  power  sum  10- 
FEXT  for  pair  #  1 


For  the  direct  power  sum  cross  talk  measurement  we  use  a  power 
splitter.  Though  we  are  loosing  some  information  on  the  S- 
parameters  through  the  use  of  the  power  splitters,  we  can  devise 
different  ways  to  calibrate  the  set-up  shown  in  the  Fig.  1  and  Fig. 
2  [see  also  1].  We  indicate  these  in  the  following. 

We  can  calibrate  the  network  analyzer  with  the  S -parameter 
test  set  just  prior  to  the  power  splitter.  The  losses  for  each  path 
must  to  be  measured.  Both  losses,  i.e.  the  loss  of  the  pair 
position  on  which  the  integral  power  sum  is  being  measured  and 


the  power  sum  loss  for  the  remaining  positions,  where  the 
disturbing  pairs  are  being  connected,  must  to  be  subtracted  from 
the  result  obtained. 

Alternatively  we  can  terminate  all  the  baluns  of  the 
disturbing  pairs  with  a  100  Ohm  termination,  and  calibrate  on 
the  path  for  the  disturbed  pair.  In  this  case  only  the  power  sum 
of  the  remaining  position  will  have  to  be  subtracted  from  the 
obtained  result. 

We  explored  both  alternatives,  and  compared  the  results 
obtained  with  the  power  sums  calculated  from  pair-to-pair 
measurements,  which  are  taken  directly,  using  two  baluns  on  the 
network  analyzer/S -parameter  test-set. 

We  generally  measure  between  3  and  350  MHz  with  linear 
frequency  division  of  this  interval.  We  use  1601  points  per 
sweep. 

3.2  Pair  to  pair  and  power  sum  cross  talk 
measurements  with  random  noise  sources 

For  the  measurements,  using  the  broadband  random  noise 
generator,  we  proceed  as  follows: 

For  pair  to  pair  cross  talk  measurements  we  terminate  the  pairs 
not  under  measurement  on  both  sides  in  100  Ohm.  The 
disturbing  pair  is  connected,  via  a  balun  at  its  near  end  to  the 
random  noise  generator,  whereas  the  far  end  is  terminated  in  100 
Ohm.  For  NEXT  measurements,  the  disturbed  pair  is  connected, 
again  via  a  balun  to  the  input  of  the  spectrum  analyzer,  whereas 
the  far  end  is  terminated  with  a  100  Ohm  resistor.  The 
measurements  of  the  IO-FEXT  are  done  correspondingly. 

For  the  measurement  of  power  sum  NEXT  and  IO-FEXT  the 
power  splitter  is  connected  via  baluns  to  the  disturbing  pairs, 
whereas  the  disturbed  pair  is  connected  over  a  balun  to  the 
spectrum  analyzer.  The  connections  are  done  as  well  following 
the  schematics  as  given  in  Fig.  1  and  Fig.  2. 

The  calibration  is  done,  using  by  measuring  the  power  at  each 
balun  output.  This  power  level  serves  as  a  reference  power  input. 
We  use  the  same  frequency  window  for  the  spectrum  analyzer, 
which  is  used  for  of  the  network  analyzer  measurements.  Thus 
the  LF  frequency  of  the  network  analyzer  is  equal  to  the 
frequency  window  for  the  spectrum  measurement. 

We  limit,  to  save  measurement  time,  the  frequency  range  of  the 
measurements  from  10  to  350  MHz.  For  lower  frequencies  the 
window  for  the  spectrum  analyzer  measurements  will  have  to  be 
decreased  and  this  will  also  substantially  increase  the 
measurement  time. 

To  obtain  the  ELFEXT  from  the  IO-FEXT  we  measured  the 
attenuation,  both  as  the  power  decrease  over  the  channel  length 
and  as  the  insertion  loss,  using  the  network  analyzer. 

4.  Results 

In  the  Figures  3,  5,  7  and  9  is  shown  the  directly  measured  PS  - 
NEXT  for  the  four  pairs,  using  a  spectrum  analyzer.  In  this  case 
the  integral  power  sum  has  been  measured,  using  the  power 
splitter.  As  a  comparison,  there  are  given  in  the  same  graphs 
also  the  traces  of  the  measurements  obtained  using  the  power 
splitter  in  conjunction  with  a  network  analyzer. 


International  Wire  &  Cable  Symposium 


130 


Proceedings  of  the  49th 


The  Figures  4,  6,  8  and  10  finally  show  the  results  of  the  power 
sum  NEXT  calculated  from  the  pair  to  pair  measurements.  Here 
the  results  obtained  with  the  spectrum  analyzer  for  each  pair 
combination  and  the  same  results  using  the  network  analyzer  are 
shown,  to  allow  a  comparison. 


10  100  1000 
Frequency  [MHz] 


Fig.  3  :  PS  -  NEXT  for  pair  1,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


In  the  Figure  11,  we  have  the  attenuation  of  one  pair,  measured 
with  the  random  noise  generator.  The  trace  is  relatively  rough, 
such  that  for  useful  attenuation  a  curve  fitting  would  be  required. 
However,  for  the  purposes  pursued  here,  i.e.  for  the  calculation 
of  EL  FEXT  from  IO-FEXT,  the  obtained  results  are  sufficient. 


measurements. 


Fig.  5  :  PS  ~  NEXT  for  pair  2,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


Fig.  6  :  PS  -  NEXT  for  pair  2,  calculated  from  pair  to  pair 
measurements. 


Fig.  7  :  PS  -  NEXT  for  pair  3,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


Frequency  [  MHz  ] 


Fig.  8  :  PS  -  NEXT  for  pair  3,  calculated  from  pair  to  pair 
measurements. 
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The  Figures  12,  14,  16  and  18  as  well  as  Figures  13,  15,  17  and 
1 9  finally  show  for  the  four  pairs  of  the  cable  the  measurements 
of  the  integral  Power  sum  EL  FEXT  and  for  the  calculated  power 
sum  EL  FEXT,  based  upon  pair  to  pair  measurements.  In  each 
case  there  is  given  the  result  obtained  with  the  spectrum  analyzer 
and  with  the  network  analyzer. 


10  100  1000 
Frequency  [  MHz  ] 

Fig.  9  :  PS  -  NEXT  for  pair  4,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


Fig.  11  :  Attenuation  of  one  pair,  measured  with  the  random 
noise  generator. 


Frequency  [  MHz  ] 


Fig.  12  :  PS  -  EL  FEXT  for  pair  1,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


5.  Discussion  of  Results 

The  integral  power  sum  NEXT  measurements,  using  the  power 
splitter,  yield,  in  comparison  to  the  results  obtained  under  the 
same  conditions,  with  the  network  analyzer  absolutely 
comparable  results.  In  fact,  the  deviations  are  so  small,  that  they 
can  be  neglected,  (see  Fig.  3,  5,  7  and  9) 


Fig.  10  :  PS  -  NEXT  for  pair  4,  calculated  from  pair  to  pair 
measurements. 


The  same  is  also  true  for  the  calculated  power  sum  NEXT 
measurements,  which  are  based  upon  individual  pair  to  pair 
measurements,  (see  Fig.  4,  6,  8  and  10)  The  measurements, 
using  the  network  analyzer,  can  be  used  as  reference 
measurement  results.  The  results  obtained  with  the  random 
noise  generator  yield  absolutely  comparable  results  to  the 
reference  results. 

However,  there  are  differences  when  comparing  the  Fig.  3  and  4, 
5  and  6,  7  and  8  and  finally  Fig.  9  and  10.  The  results,  using  the 
power  splitter  and  the  pair  to  pair  measurements  are  significantly 
different.  This  difference  has  to  be  attributed  either  to  the  power 
splitter  itself  or  to  the  used  error  correction  method.  As  in  a 
previous  study,  the  use  of  power  splitters  for  power  sum  cross 
talk  measurements  has  been  already  validated  [1],  it  seems,  that 


Fig.  13  :  PS  -  EL  FEXT  for  pair  1,  calculated  from  pair  to  pair 
measurements. 


these  deviations  have  to  be  attributed  to  the  specific  power 
splitter  used. 
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The  Fig.  11  shows,  as  already  mentioned  the  attenuation  trace  of 
one  pair,  using  the  random  noise  source  and  a  spectrum  analyzer. 
Here  the  spectral  power  of  the  noise  sources  at  the  input  balun  to 
the  twisted  pair  is  measured,  and  compared  to  the  spectral  power 
at  the  end  of  the  same  pair.  The  obtained  trace  is  relatively 


Fig.  14  :  PS  -  EL  FEXT  for  pair  2,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


Fig.  16  :  PS  -  EL  FEXT  for  pair  3,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


Fig.  18  :  PS  -  EL  FEXT  for  pair  4,  measured  directly  with  direct 
powering  of  all  disturbing  pairs  over  a  power  splitter. 


rough.  It  should  be  mentioned  that  these  measurements  are  not 
intended  to  measure  the  attenuation  of  the  pairs.  Therefore,  the 
roughness  of  the  results  is  of  relatively  low  importance  in  the 
context  of  our  investigation. 


measurements. 


measurements. 


measurements. 


International  Wire  &  Cable  Symposium 


133 


Proceedings  of  the  49th 


Our  main  objective  is  to  verify,  if  it  is  feasible  to  measure  the 
alien  cross  talk  induced  in  one  cable  by  adjacent  and  neighboring 
cables.  It  is  not  the  intention  to  use  the  proposed  method  to 
replace  existing  measurement  methods. 

Hence,  the  precision  of  the  attenuation  measurement,  and  the 
resultant  roughness,  using  the  random  noise  generator  is  not 
essential.  They  are  here  used  only  for  completeness.  In  practical 
applications,  a  multitude  of  cables  is  energized,  using  random 
noise  generators,  either  with  or  without  power  splitters.  For  the 
actual  cable  under  measurement  the  parameters,  including  the 
attenuation  are  known,  thus  that  the  PS-EL  FEXT  can  be  directly 
determined  from  the  PS-IO-FEXT. 

The  attenuation,  using  random  noise  generators,  if  ever  used, 
would  require  a  curve  fitting  of  the  data  to  obtain  useful  and 
meaningful  results. 

Here,  the  attenuation  measurements  are  used  exclusively  to 
calculate  from  the  IO-FEXT  measurements  the  EL  FEXT. 

Again,  our  measurements  are  very  comparable  between  the 
results  obtained  with  the  spectrum  analyzer  and  the  network 
analyzer,  (see  Fig.  12  to  19)  The  results  obtained  for  the  pair  to 
pair  measurements  are  nearly  identical  for  those  obtained  with 
the  spectrum  and  network  analyzer,  (see  Fig.  13,  15,  17  and  19). 

However,  comparing  the  results  to  those  of  the  integral  power 
sum  EL  FEXT  (see  Fig.  12,  14,  16  and  18)  there  are  similar 
differences  occurring  as  between  the  power  sum  NEXT  results. 

We  can  clearly  state,  that  the  measurement  of  cross  talk,  using 
random  noise  sources  yields  absolutely  comparable  results  to 
those  obtained,  using  sinusoidal  signals,  as  used  in  a  network 
analyzer.  This  is  convincingly  confirmed  by  the  fact,  that  the 
results,  obtained  using  a  power  splitter  to  energize  all  disturbing 
pairs  simultaneously,  are  also  absolutely  comparable.  In  this 
case  the  results  with  the  random  noise  generator  and  those 
obtained  with  a  network  analyzer  yield  very  comparable  results. 

6.  Conclusion 

We  show  convincingly,  that  cross  talk  measurements  using 
random  white  noise  sources  yield  absolutely  comparable  results 
to  those  obtained  in  the  classical  way,  using  sinusoidal  disturbing 
sources. 

This  renders  the  utilization  of  random  noise  sources  feasible  for 
alien  cross  talk  measurements.  Towards  this  purpose,  it  is 
proposed  to  energize  in  an  installed  system  as  many  channels  as 
deemed  required,  using  random  noise  sources  on  one  side,  and 
terminations  on  the  other  side.  This  allows  the  evaluation  of  the 
impact  of  alien  cross  talk,  on  the  channel  or  cable  under  test. 
The  random  noise  sources  may  be  easily  realized,  using 
commercially  available  random  noise  diodes. 

7.  References 

[i]  M.  Belanger  et  al:  Power  Sum,  Integral  Power  Sum  and 
Vector  Sum  -  Crosstalk. 

47th  IWCS  (1998)  p.  768-775 


8.  Authors 


Jorg-Hein  (Jo)  Walling  received  his  diploma  in  Mechanical 
Engineering  in  1966  at  the  Technical  University  of  Berlin.  In 
1974  he  obtained  a  Doctor's  degree  (Dr.-Ing.)  at  the  same 
University.  In  1974  he  joined  Northern  Telecom  in  the  Research 
and  Development  department.  Since  1976  he  has  been  senior 
engineer  at  the  NORTEL,  Lachine  Cable  Plant.  Later  on  he 
continued  to  work  at  the  NORDX/CDT  facilities,  responsible  for 
the  design  of  Outside  Plant  and  Data  Grade  Wires  and  Cables. 
Since  1999  he  is  an  independent  consultant  for  cables,  standards 
and  machinery. 


Raffi  Pederian  holds  a  Bachelor’s  degree  in  Electrical 
Engineering  with  a  specialization  in  Telecommunications  from 
l’Ecole  Polytechnique  de  Montreal  (1996).  He  started  his  career 
at  Nordx/CDT,  where  he  worked  in  the  Research  and 
Development  group  as  a  Structured  Cabling  Systems  Engineer. 
His  main  line  of  work  consisted  in  the  evaluation  of  transmission 
characteristics  of  data  grade  cables  and  their  corresponding 
connecting  hardware.  Since  April  2000,  he  is  working  for  Nortel 
Networks  and  his  current  position  is  in  Systems  Engineering  for 
IP/Data  network  management  solutions  for  Service  Providers  and 
Carriers. 


International  Wire  &  Cable  Symposium 


134 


Proceedings  of  the  49th 


Screening  Attenuation  of  Long  Cables 

Carl  W.  Dole,  John  W.  Kincaid 

Belden  Electronics  Division 
Richmond,  Indiana 

+1-765-983-5884  •  cdole@globalsite.net  +1-765-983-5332  ■  jkbelden@globalsite.net 


Abstract 

The  characteristics  of  a  triaxial  test  fixture  which  has  been 
developed  for  screening  attenuation  measurements  on  long 
shielded  cables  are  described.  Screening  attenuation  performance 
of  a  selection  of  coaxial  CATV  cable  braid  and  multi-foil/braid 
shield  designs  are  presented.  Measured  screening  attenuation 
results  for  30  meter  long  cables  covering  the  frequency  range  1- 
100  MHz  are  compared  with  results  from  measurements  on  1.5 
meter  long  cables  that  were  measured  over  the  frequency  range 
1-1000  MHz.  The  comparison  shows  that  the  estimation  or 
deduction  of  long  length,  low  frequency  performance  from  high 
frequency  performance  can  have  significant  error.  The  paper 
concludes  that  worse  case  or  minimum  screening  attenuation 
performance  should  be  assessed  for  cable  lengths  and  frequencies 
pertinent  to  usage  of  the  cable. 

Keywords 
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1.  Introduction 

Screening  attenuation  is  a  practical  shield  effectiveness  parameter 
and  the  test  method  is  being  standardized  in  IEC  61196-1  [1], 
prEN  50289-6  and  SCTE  test  method  IPS-TP-403B2  [2].  The  test 
was  originally  developed  for  short  length  copper  coaxial  cables 
involving  a  resonant  triaxial  test  fixture  length  of  1-2  meters  [3] 
and  the  frequency  range  of  interest  was  100  MHz  to  3  GHz.  The 
minimum  screening  attenuation  corresponds  to  the  condition  of 
maximum  power  transfer  that  occurs  at  resonant  frequencies 
within  the  test  fixture.  With  a  1.5  meter  long  fixture  the  lowest 
resonant  frequency  is  at  about  100  MHz.  The  frequency  range  is 
primarily  determined  by  fixture  length  and  the  fixture  TEM  mode 
cut-off  frequency.  A  complete  test  system  is  available 
commercially  [4]  and  test  fixture  implementations  involving 
standard  commercially  available  components  for  fixture  lengths 
of  1.5  and  6.7  meters  have  been  reported  [5,6].  Preliminary  results 
obtained  with  a  30  meter  long  fixture  have  also  been  reported  [7]. 

Applications  such  as  CATV  return  path  and  data  I/O  have 
stimulated  interest  in  screening  attenuation  performance  where 
cable  lengths  are  tens  of  meters  long  and  the  frequency  may  be  as 
low  as  5  MHz.  However  the  chief  obstacle  to  implementing  the 
screening  attenuation  test  at  these  frequencies  is  the  required 
fixture  length.  A  6.7  meter  length  is  limited  to  about  20  MHz  and 
a  30  meter  length  is  required  to  arrive  at  about  4  MHz  which 


corresponds  to  about  V2  wavelength  electrical  length  in  the  sample 
under  test. 

Section  2  of  this  paper  presents  the  mechanical,  electrical  and 
installation  aspects  of  the  triaxial  fixture.  Sections  3  and  4  cover 
the  test  procedure  and  the  test  program  including  samples  tested 
and  results.  The  conclusions  are  given  in  section  5. 

2.  Triaxial  Test  Fixture 

2.1  Overview 

The  triaxial  test  fixture  is  sketched  in  Figure  1.  The  main 
components  are  five  sections  of  six  meter  length,  76.5  mm 
diameter  rigid  transmission  line  segments  (without  center 
conductor  and  end  disc  supports)  which  are  cascaded  together 
with  gas  tight  coupling  flanges.  The  segment  joints  are  fitted  with 
metallic  spacer  rings  to  maintain  50  Ohm  impedance  across  the 
joint.  A  continuous  length  of  low  loss  dielectric  tubing  material  is 
used  to  support  the  sample  under  test  from  end  to  end.  The  tubing 
is  centered  with  disc  spacers  which  are  randomly  located  along 
the  30  meter  length.  An  end  plate  closes  the  housing  at  one  end 
and  an  end  cap  transition  encloses  the  other.  A  feed-through 
connector  is  mounted  in  the  center  of  the  end  plate. 

The  end  cap  is  fitted  with  a  50-ohm  type  N  jack  connector.  The 
center  pin  of  the  N  jack  connects  to  an  anchor  connector  socket. 
The  sample  termination  shield  is  made  from  a  split  anchor 
connector  that  is  mated  to  the  end  cap  anchor  connector  socket. 
One  side  of  the  split  anchor  connector  is  fitted  with  a  feed¬ 
through  connector  and  the  mated  pair  encloses  and  shields  the 
cable  sample  termination.  This  arrangement  provides  for 
terminating  the  cable  sample  under  test  with  a  shielded  resistive 
load  and  for  connecting  the  shield  to  the  center  pin  of  the  N 
connector.  The  cable  sample  under  test  is  fitted  with  a  plug  type 
connector  at  each  end  and  is  connected  between  the  feed-through 
connectors  respectively  located  in  the  end  plate  and  the  split 
anchor  connector. 

2.2  Electrical  Characteristics 

The  shield  of  the  cable  under  test  (CUT)  defines  the  boundary 
between  the  two  electrical  regions  within  the  fixture.  As  shown  in 
Figure  2,  these  are  (1)  the  resonant  region,  which  is  located 
between  the  rigid  metallic  cylindrical  housing  and  the  cable 
sample  shield,  and  (2)  the  cable  sample  (CUT).  The  diameter 
ratio  of  the  housing  and  sample  shield  diameters  is  important  for 
determining  the  impedance  and  percent  velocity  of  the  resonant 
region,  which  are  approximately  150  Q.  and  90  %  respectively. 
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Dielectric  tube  support 


Figure  1.  Triaxial  test  fixture  overview 
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P2 


Figure  2.  Electrical  regions  of  triaxial  test  fixture 


Frequency  -  MHz 

measured . theoretical 


Figure  3.  RL  of  test  chamber: 
measured  and  theoretical 


In  the  resonant  region  of  the  test  chamber  the  termination  at  the 
end  plate  (left  hand  side  in  Figure  2)  is  a  short  circuit  while  at  the 
end  cap  (right  hand  side  in  Figure  2)  the  termination  is  a  50  Ohm 
coaxial  interconnect.  Thus  the  chamber  is  mismatched  at  both 
ends  with  respect  to  150  Ohms.  The  return  loss,  RL,  measured  at 
the  end  cap  (shown  in  Figure  3)  is  a  result  of  the  termination 
mismatches  and  the  uniformity  of  the  30  meter  long  coaxial  test 
chamber.  Here  the  center  conductor  is  the  shield  of  the  sample 
under  test  and  the  dielectric  is  made  up  of  the  sample  jacket  as 
well  as  the  dielectric  support  material  and  air.  The  measured  RL 
is  in  close  agreement  with  the  theoretical  values  shown  in  Figure 
3. 


Figure  4.  Open  corridor  installation  of  30  meter  test 
fixture 
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2.3  Installation 

The  fixture  was  installed  as  shown  in  Figure  4  above  an  open 
corridor  that  was  located  on  a  mezzanine  in  the  Belden 
Engineering  Center.  Individual  transmission  line  segments  were 
suspended  2.2  meters  above  the  floor  and  aligned  with 
commercial  “Clevis”  hangars.  This  arrangement  provided 
relatively  easy  access  to  both  ends  of  the  fixture;  nonetheless  it 
was  necessary  to  run  approximately  35  meters  of  low  loss  50 
Ohm  coax  to  provide  the  input  power  PI  at  the  end  plate.  The 
network  analyzer,  amplifier  and  data  acquisition  equipment  were 
located  at  the  far  end  in  Figure  4.  This  provided  for  direct 
connection  of  the  low  level  power  output  P2  to  either  a 
preamplifier  or  the  network  analyzer  input. 

3.  Test  Procedure 

3.1  Equipment  setup 

The  equipment  setup  is  given  in  Figure  5  and  the  equipment  used 
is  listed  in  Table  1. 


30  m  Test  Fixture  (5  x  6m) 


Figure  5.  Equipment  setup  for  screening 
attenuation  measurement 

Table  1.  Test  equipment 

Network  Analyzer: 

HP8753ES,  +10dBm,  10  Hz  res.  bandwidth 
Power  Splitter: 

HP1 1850C,  9.5  dB  loss  nominal,  DC-3  GHz 
Matching  Pad: 

HP1 1852B,  5.7  dB  loss  nominal,  DC-3  GHz 
Power  Amplifier: 

HP8347A,  25  dB  gain  nominal,  100  kHz-3  GHz 
Resistive  Termination  on  sample  under  test: 

75  Q.  type  F  for  CATV  applications 


3.2  Normalization 

Screening  attenuation  is  derived  from  the  difference  in  power 
levels  (insertion  loss)  between  the  end  plate  PI,  (energized 
sample  input)  and  the  end  cap  P2,  (test  chamber  output).  The 
measured  power  ratio  is  normalized  [1]  with  the  following 
formula.  The  screening  attenuation  curve  is  then  obtained  by 
drawing  the  envelope  (not  shown)  formed  by  connecting  the 
resonant  peaks  in  the  power  ratio  versus  frequency  plot. 
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Where: 

an  =  normalized  screening  attenuation  (decibels). 

ameas  =  measured  screening  attenuation  of  sample  in  normalized 
and  calibrated  setup  (decibels). 

Zi  =  impedance  of  cable  under  test  (ohms). 

Zs~  normalized  impedance  of  screening  attenuation  fixture 
(150  ohms). 

€i  =  relative  dielectric  permittivity  of  cable  under  test. 

e2  -  relative  dielectric  permittivity  of  the  environment  of  the 

cable. 

e3  =  relative  dielectric  permittivity  of  screening  attenuation 
fixture  outer  circuit  with  respect  to  a  10%  velocity 
difference. 


4.  Test  program 

4.1  Samples  tested 

Several  constructions  of  RG-6  type  and  RG-59  type  coaxial  cable 
were  tested  and  are  designated  #’s  1-4.  (#1  is  RG-59  type  and  #’s 
2-4  are  RG-6  type  cables).  The  details  are  given  in  Tables  2  and 
3. 


Table  2.  Cable  shield  design  data 


# 

Foil 

(inner) 

Braid/ 

Angle 

(inner) 

Foil 

(outer) 

Braid 

Angle 

(outer) 

Shield 

DCR 

mQ/m 

1 

- 

95%  b.  c. 

/23° 

- 

- 

9 

2 

a 

60%  A1 

27° 

- 

- 

31 

3 

a 

80%  A1 

/27° 

b 

- 

15 

4 

a 

60%  A1 

/27° 

a 

40%  A1 

/20° 

17 
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Table  3.  Shielding  tape  design  data 


Layer  Thickness  (mm) 

Foil 

Type 

A1  Foil 

Polyester 

A1  Foil 

Width 

(mm) 

a 

.00889 

.02286 

.00889 

19.05 

b 

.0254 

.02286 

25.4 

4,2  1 .5  meter  fixture  test  results 

Test  results  are  plotted  versus  frequency  in  Figures  6  and  7  for  the 
100-1000  MHz  and  1-100  MHz  frequency  ranges  respectively. 
The  test  program  involved  testing  multiple  samples  of  the  designs 
given  above.  However  only  single  sample  results  are  shown  for 
clarity.  The  statistical  characteristics  of  screening  attenuation  are 
beyond  the  scope  of  this  paper. 

In  Figure  6  the  lowest  frequency  resonance  peak  (not  shown)  is 
just  below  100  MHz.  Resonance  peaks  out  to  1000  MHz  are 
connected  by  envelopes,  as  shown.  The  1.5  meter  fixture  length  is 
long  enough  to  produce  response  peaks  which  correspond  to 
maximum  power  transfer  as  well  as  minimum  screening 
attenuation  performance  at  specific  frequencies.  The  exact 
frequency  location  of  the  peaks  will  vary  as  the  length  is  varied, 
but  the  peak  amplitude  will  follow  the  envelope.  Envelopes  for 
designs  #1  and  #3  are  approximately  flat  whereas  envelopes  for 
designs  #2  and  #4  show  an  upward  slope.  At  these  frequencies  the 
cable  length  under  test  is  electrically  long. 


Figure  6.  Screening  attenuation 
versus  frequency 


In  Figure  7  only  one  resonance  peak  is  shown  at  about  95  MHz.  The 
fixture  length  of  1.5  meters  is  too  short  to  allow  resonance  to  occur 
at  lower  frequencies.  Therefore,  power  transfer  does  not  reach  a 
maximum  and  the  measured  screening  attenuation  performance  is 
consequently  not  minimal.  Designs  #l-#4  show  a  tendency  to 
converge  below  1  MHz.  At  these  frequencies  the  cable  length  under 
test  is  electrically  short. 


1  10  100 


Frequency  -  MHz 

Figure  7.  Screening  attenuation 
versus  frequency 

4.3  30  meter  fixture  test  results 

Figures  8-11  present  screening  attenuation  results  for  30  meter 
lengths  of  designs  #l-#4  respectively.  1.5  meter  results  are  also 
shown. 
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Figure  8.  Screening  attenuation 
versus  frequency  -  Design  #1 
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Figure  9.  Screening  attenuation 
versus  frequency  -  Design  #2 
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Figure  10.  Screening  attenuation 
versus  frequency  -  Design  #3 


Figure  11.  Screening  attenuation 
versus  frequency  -  Design  #4 


Table  4.  Screening  attenuation  estimates  versus 
test  length 


Design  # 

dB  at  10  MHz 

dB  at  100MHz 

1.5  meter 

30  meter 

1.5  meter 

1 

60 

41 

41 

2 

73 

52 

82 

3 

106 

82 

135 

4 

104 

82 

120 

For  each  design  the  30  meter  length  produces  minimal  screening 
attenuation  as  shown  by  the  envelope  curve. 

Table  4  summarizes  the  relationship  between  1.5  meter  and  30 
meter  lengths  for  10  MHz  and  100  MHz  results.  For  example,  there 
is  approximately  a  20  decibel  difference  in  performance  at  10  MHz 
between  the  1.5  meter  and  30  meter  sample  lengths. 

Alternatively,  it  can  be  seen  that  the  difference  in  performance 
(error)  is  approximately  40  decibels  (designs  #3  and  #4)  if  it  is 
assumed  the  30  meter  performance  at  10  MHz  should  be 
approximately  equal  to  that  of  the  1.5  meter  performance  at  100 
MHz.  For  design  #lthe  30  meter  performance  at  10  MHz  is  about 
the  same  as  the  1.5  meter  performance  at  100  MHz.  For  design  #2 
the  difference  is  about  30  decibels. 

5.  Conclusions 

The  paper  has  described  a  test  methodology  that  is  in  the  process  of 
being  standardized  internationally.  The  test  has  been  applied  to  30 
meter  and  1.5  meter  long  cable  samples  and  a  comparison  of  the 
measured  screening  attenuation  performance  of  a  selection  of  braid 
and  multi-foil/braid  shield  designs  has  been  presented.  The 
performance  of  30  meter  and  1.5  meter  long  samples  has  been 
compared  and  differences  as  high  as  40  decibels  were  noted 
depending  on  frequency. 

The  worse  case  or  minimum  screening  attenuation  performance  of  a 
particular  shield  design  can  depend  on  the  length  of  the  cable  as 
well  as  the  frequencies  involved.  In  this  work  the  test  fixture  has 
been  normalized  to  150  Q  and  90  %VP,  but  in  actual  usage  the 
electrical  environment  around  the  cable  can  also  influence  the  actual 
screening  attenuation  performance. 

Cable  specifiers  and  system  designers  should  be  sure  to  specify 
screening  attenuation  requirements  which  take  into  account  the 
frequency  band  of  operation  as  well  as  the  cable  lengths  utilized. 
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Abstract 

Corrosion  is  a  process  that  is  continually  occurring  all  around  us. 
Last  season  a  New  York  Yankees  game  was  postponed  and 
Yankee  Stadium  closed  because  atmospheric  corrosion  had 
weakened  a  75  year  old,  600  lb.  support  girder  to  the  extent  that 
the  girder  could  not  support  its  own  weight  and  failed.  Televised 
visits  to  the  Titanic  dramatically  illustrate  the  effects  of  aqueous 
corrosion  on  that  ships  massive  and  once  pristine  structure. 
Coastal  cable  television  (CATV)  operators  are,  unfortunately,  all 
to  familiar  with  the  degrading  effect  of  salt-water  spray  on 
exposed  connectors,  amplifiers  and  other  metallic  system 
elements. 

Times  Fiber  Communications,  Inc.  (TFC®)  has  undertaken  an 
Engineering  study  to  answer  the  question:  “Is  the  corrosion  of 
CATV  drop  cable  accelerated  when  power  is  carried  over  the  drop 
system?”  It  is  hoped  that  the  results  presented  here  will  further  the 
industry’s  understanding  of  the  corrosion  process  as  it  relates  to 
drop  cables  carrying  limited  amounts  of  power. 

1.  Introduction 

The  importance  of  maintaining  corrosion  free  CATV  drop  cable 
cannot  be  overemphasized.  The  corrosion  process,  by  definition, 
is  the  process  causing  deterioration  of  a  material,  usually  metal, 
and  its  properties.  Deterioration  of  aluminum  in  CATV  drop  cable 
results  in  loss  of  shield  isolation  capability  and  an  increase  in  DC 
loop  resistance.  In  the  most  severe  cases  of  corrosion  all  of  the 
metallic  shield  and  connector  may  be  lost  to  the  corrosion 
process.  This  will  allow  interfering  signal  ingress  and  transmitted 
signal  egress. 

Other  papers  have  demonstrated  how  AC  and  DC  voltages  affect 
the  corrosion  of  cables  from  a  physical  standpoint.  This  paper 
investigates  the  effect  on  CATV  cables  from  both  a  physical  and 
degradation  of  shielding  standpoint. 

The  CATV  industry  does  not  have  any  established  procedure  for 
corrosion  testing  of  cables.  TFC®  has  chosen  to  expose  cables  to  a 
corrosive  medium  by  a)  emersing  the  test  cables  in  baths  of  a 
mildly  corrosive  liquid  and  b)  actual  installation  in  an 
underground  setting. 

The  general  procedure  for  testing  prepares  the  various  samples 
and  collects  initial  transfer  impedance  data.  This  information  is 
gathered  in  a  401  data  point  sweep  from  1  MHz  to  1  GHz 
utilizing  TFC®’s  Terminated  Triaxial  Test  Fixture.  Samples  are 
then  conditioned  (if  required  by  the  test  plan)  in  a  corrosive 
medium  consisting  of  ASTM  corrosive  water  for  90  days.  In  the 
underground  portion  of  the  study,  environmental  exposure  is  for 
one  year  in  either  Seymour,  CT  or  Chatham,  VA  as  applicable. 


Conditioned  samples  are  then  tested  to  determine  the  after  aging 
transfer  impedance. 

Finally,  the  shield  and  connector  (if  applicable)  visual  corrosion 
rating  is  determined  using  the  system  in  Appendix  B.  The  rating 
system  has  a  scale  from  0  to  10  with  10  being  no  indication  of 
corrosion  and  0  being  electrical  discontinuity  due  to  corrosion. 


2.  Test  Program  &  Conditions 

Three  different  6  Series,  ^Standard  Shield  TFC®  Drop  cable 
configurations  were  chosen.  They  are: 

Standard  Cable  -  6  Series,  Standard  Shield,  PVC  Jacket 

Underground  Cable  -  6  Series,  Standard  Shield,  polybutylene 
flooded,  PE  Jacket 

lifeTime®  Cable  -  6  Series,  Standard  Shield,  lifeTime®  flooded, 
PVC  Jacket. 

Note:  lifeTime®  is  a  TFC®  registered  trademark  for  a  non-drip 
corrosion  protecting  floodant. 

*Note:  Standard  Shield  cable  is  defined  as  an  aluminum- 
polypropylene-aluminum  (APA)  laminated  tape,  sealed  to  the 
dielectric  core  with  an  adhesive  and  a  60%  optical  coverage  of 
aluminum  alloy  braid  wires. 

The  cables  were  presented  to  the  various  corrosive  medium  either 
as  unaltered  cable,  cable  with  a  known  defect  (%”,  0.6  cm)  ring 
cut  in  the  jacket  to  allow  simulation  of  damage  during  cable 
installation  or  damage  by  gophers  or  other  rodents.)  or  with  two 
connectors  and  a  splice  (F81  barrel)  installed. 

Three  different  manufacturers  connectors  were  used  the  study.  In 
order  to  maintain  the  focus  of  this  paper  on  the  effect  of  powering 
on  drop  cable,  the  connectors  will  be  referred  to  only  as 
Connector  A,  B,  &  C. 

Four  different  powering  situations  were  used: 

Unpowered  (control), 

60  Volts,  DC  (negative  ground)  @1.5  amperes, 

60  Volts,  AC  @  1.5  amperes  and 
90  Volts,  AC  @  1.5  amperes. 

The  test  utilized  ASTM  corrosive  water  bath  (refer  to  ASTM 
D2570)  and  direct  burial  in  underground  sites  at  both  Seymour, 
CT  and  Chatham,  VA  as  the  corrosive  medium.  Soil  samples  were 
obtained  from  the  Seymour  and  Chatham  sites  (See  Appendix  C) 
to  determine  factors  relevant  to  the  corrosion  process  such  as  pH, 
dissolved  metals  and  salts  in  the  soil,  organic  content  and  soil 
resistivity. 
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3.  Mechanical  Results 

In  all  cases  of  unaltered  cable,  the  visual  corrosion  rating  was 
excellent  (Unaffected  -  no  indication  of  corrosion).  Both  PVC 
and  PE  jacketing  materials  protected  the  dielectric  core  and  shield 
from  the  corrosive  environment  resulting  in  excellent  mechanical 
performance  in  the  corrosion  test 

The  visual  corrosion  rating  for  the  AC  test  cables  with  known 
defects  in  the  jackets,  whether  in  ASTM  corrosive  water  or 
directly  buried,  ranged  from  excellent  (superficial  etching  on  the 
surface)  to  very  good  (Uniform  metal  attack  and/or  localized 
pitting).  Similar  results,  relative  to  the  visual  corrosion  rating, 
were  noted  on  cables  with  connectors  installed. 

Cables  exposed  to  DC  voltages  with  known  defects  in  the  jackets 
bathed  in  ASTM  corrosive  water  were  very  substantially  affected. 
The  visual  corrosion  rating  in  every  instance  was  very  poor 
(Severe  corrosion,  shield  is  electrically  discontinuous  due  to 
dissipation  of  metal  by  corrosion.) 

Cables  with  connectors  installed  and  exposed  to  DC  voltages  in 
ASTM  corrosive  water  were  also  affected.  The  visual  corrosion 
rating  ranged  from  excellent  (superficial  etching  on  the  surface)  to 
very  poor  (Severe  corrosion,  shield/connector  is  electrically 
discontinuous  due  to  dissipation  of  metal  by  corrosion.) 

4.  Degradation  of  Shielding  Results 
4.1  General 

Transfer  impedance  was  chosen  as  the  base  method  of  evaluating 
the  shielding  characteristics  of  drop  cable.  The  results  that  follow, 
however,  are  not  presented  in  the  typical  milliohm  per  meter 
(mf2/m)  transfer  impedance  format.  The  mQ/m  data  collected  was 
first  converted  to  degradation  factor .  Degradation  factor  (DF),  as 
used  in  this  paper,  is  defined  as  the  after  aging  average  of  three 
sets  of  data  divided  by  the  before  aging  average  of  three  sets  of 
data.  Therefore  any  DF  above  one  (1)  represents  a  decrease  in 
shielding  effectiveness  and  similarly,  any  DF  below  one  (1) 
represents  an  increase  in  shielding  effectiveness  relative  to  the 
cables  initial  transfer  impedance.  Finally,  in  an  effort  to  present 
the  data  in  the  more  familiar  dB  format,  the  calculated  DF  is 
converted  to  change  in  shielding  effectiveness  (ASE)  using 


ASE=20Log(  1  /DF),  (1) 


where  ASE  is  expressed  in  dB.  For  example,  if  the  ASE  is  equal  to 
-5  dB  this  indicates  a  5  dB  reduction  in  shielding  effectiveness. 

A  convenient  way  to  present  the  large  amount  of  data  collected  in 
this  study  is  in  tabular  form,  such  as  that  located  in  Appendix  A 
and  titled,  Table  1,  ASTM  Corrosive  Water,  or  Table  2,  Directly 
Buried  Installation. 


4.2  Unaltered  Jackets 

Tests  on  cables  with  unaltered  jackets  indicated  ASE  values 
between  -1.6  dB  and  -9.2  dB.  This  includes  all  powering 
situations  and  cable  types  (See  Figure  1). 


Figure  1 


ASTM  Corrosive  Water 

Unaltered  Cable 


Standard  Underground  lifeTime 
|  No  Power  |  |60VDC  | — 1 60VAC  |  |90VAC 


The  degrading  effect  of  power  on  cables,  when  considered  as  an 
averaged  group,  indicates  that  60  VDC  is  the  most  severe  on 
shielding  performance  with  an  averaged  ASE  of -5.8  dB. 

Unpowered  cables  degraded  an  average  of  -4.8  dB  with  60  VAC 
and  90  VAC  degrading  cables  by -4.0  and  -4.5  dB  respectively. 

The  unpowered  cables  in  ASTM  corrosive  water  for  90  days 
degraded  approximately  as  much  as  the  cables  installed 
underground  in  Seymour,  CT  for  one  year  (See  Figure  2). 


Figure  2 


Underground  Installation 

Unaltered  Cable 
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4.3  Known  Defects  in  Jacket 

Cable  exposed  to  DC  voltages  with  known  defects  (windows)  in 
the  jacket  and  bathed  in  ASTM  corrosive  water  were  very 
substantially  affected  from  a  shielding  standpoint.  Typical  ASE 
for  these  cables  confirmed  that  which  had  been  noted  in  the  visual 
examination,  complete  loss  of  shielding  capability  ranging  from  - 
84.6  dB  to  -93.1  dB  (See  Figure  3,  note  scale  change). 
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Figure  3 

ASTM  Corrosive  Water 

Cable  with  Windows 


Standard  Underground  LifeTime 
| — 1 60VDC 


Cables  in  ASTM  corrosive  water  with  known  defects  in  the 
jackets,  excluding  the  DC  tests,  indicated  ASE’s  between  -1.6  dB 
and  -13.1  dB  (See  Figure  4,  note  scale  change).  Unpowered 
cables  with  windows  in  the  jacket  degraded  an  average  of  -7.7 
dB.  60  VAC  and  90  VAC  exposed  cables  degraded  by  an  average 
of -5. 2  and  -4.2  dB  respectively. 

Cables  with  windows  and  installed  underground  in  the  Seymour 
and  Chatham  sites  for  one  year  performed  identically  with  the 
exception  of  the  standard  cables.  (See  Figure  5) 


4.4  Cables  with  Connectors 

As  was  discussed  previously,  the  ASE  charts  compare 
performance  before  and  after  aging.  Therefore,  it  is  necessary  to 
point  out  that  the  following  Figures  do  not  illustrate  or  include  the 
ASE  due  to  the  installation  of  connectors.  Test  results  gathered  in 
this  study  indicate  that  installing  connectors  will  have  little 
influence  on  shielding  effectiveness  in  the  area  of  10  Mhz.  The 
ASE  noted  by  installing  connectors  was  approximately  -5  dB  at 
100  MHz  region  and  -15  dB  in  the  1,000  MHz  region  after 
connector  installation. 

Similar  to  that  noted  in  the  cable  only  tests,  90  VAC 
cable/connectors  performed  as  well  as  or  better  than  the  60V AC 
cable  with  connectors  and  the  unpowered  cable  with  connector. 

When  compared  to  the  60VDC  non-connectorized  cables  (ref. 
Figure  3),  it  is  interesting  to  note  that  the  cable  with  connector 
samples  performed  quite  well  in  the  60VDC  test  (See  Figure  6,  7 
&  8  on  following  page). 

Installation  of  the  connector  manufacturer’s  recommended  boot 
for  underground  installations  showed  mixed  results.  Figures  12  & 
13  in  comparison  with  Figures  6  &  8  show  that  about  half  of  the 
time  boots  improved  performance  and  the  other  half  of  the  time 
performance  was  degraded.  Note:  Boots  were  not  available  for 
connector  B. 


Figure  4 


ASTM  Corrosive  Water 

Cable  with  Windows 


Standard  Underground  lifeTime 


I  No  Power 


□  60V  AC 


|  1 90  V  AC 


Figure  6 


ASTM  Corrosive  Water 

Cable  with  Connector  A 


I  No  Power 


|  1 60VAC 


1 — |60VDC 
|  1 90 VAC 


Figure  5 

Underground  Installation 

Cable  with  windows 


Standard  Underground  lifeTime 
m  Seymour,  CT  □  Chatham,  VA 


Figure  7 


ASTM  Corrosive  Water 

Cable  with  Connector  B 


I  No  Power 


|  1 60VAC 


| - I60VDC 

|  1 90VAC 
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Figure  8 


Figure  11 


ASTM  Corrosive  Water 

Cable  with  Connector  C 


Standard  Underground  lifeTime 


|  1 60VAC 


|  I60VDC 
|  1 9QVAC 


Underground  Installation 

Cable  with  Connector  C 


Standard  Underground  lifeTime 

Seymour,  CT  Chatham,  VA 


Similar  to  that  noted  in  the  unaltered  cable  and  cable  with  window 
tests  the  Chatham,  VA  installation  was  more  detrimental  to 
shielding  effectiveness  than  the  Seymour,  CT  site. 

Figure  9 


Underground  Installation 

Cable  with  Connector  A 


Standard  Underground  lifeTime 

Seymour,  CT  |  |  Chatham,  VA 


Figure  10 

Underground  Installation 

Cable  with  Connector  B 


Standard  Underground  lifeTime 
K Seymour,  CT  |  |  Chatham,  VA 


4.  Discussion 

The  core  of  the  test  cables  was  selected  to  be  the  widely  used 
6-Series  cable  with  a  shield  consisting  of  an  APA  tape  and  60% 
aluminum  braid  coverage.  Differences  existed  in  the  cable 
constructions  as  far  as  the  flooding  compound  (polybutene  and 
lifeTime®)  and  jacket  materials  (PE  and  PVC). 


Figure  12 


ASTM  Corrosive  Water 

Cable  with  Connector  A  &  Boots 

32  n - 7 - r- 


Standard  Underground  lifeTime 
|  1 60VDC  | - |60VAC  | — 1 90VAC 


Figure  13 


ASTM  Corrosive  Water 

Cable  with  Connector  C  &  Boots 


Standard  Underground  lifeTime 
□  60VDC  |  1 60VAC  | - 1 90VAC 


Typical  characteristic  ASE  curves  indicate  little  degradation  due  to 
corrosion  from  1  MHz  to  1 5  MHz  and  increasing  degradation  from 
10  MHz  to  1,000  MHz. 

The  underground  flooding  compound  was  found  to  seal  small  jacket 
punctures  and  minimize  moisture  migration  into  the  sample; 
ultimately  resulting  in  reduced  shield  degradation.  It  was  also 
observed  in  connectorized  samples  that  occasionally  the 
underground  floodant  flows  into  the  connector/F8 1  interface. 

lifeTime®  flooded  cables  indicate  the  best  overall  performance  in  the 
studied  corrosive  environments.  lifeTime®  stops  moisture  migration 
at  the  damaged  area  and  has  superior  qualities  over  underground 
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floodant  in  protecting  the  exposed  shield  from  corrosion.  lifeTime® 
flooding  compound  did  not  demonstrate  the  characteristic  of 
flowing  into  the  connector/F8 1  interface. 

The  60-Volt  DC  cable  installation,  with  windows  in  the  cable, 
caused  rapid  and  catastrophic  degradation  of  cable  shielding. 
Examination  of  the  vastly  larger  ASE  numbers  in  DC  testing,  as 
compared  to  the  AC  tests,  indicate  that  the  corrosive  mechanism  at 
work  is  electrolytic  corrosion,  sometime  called  stray  current 
corrosion. 

Stray  currents  are  defined  as  those  direct  currents  that  follow  paths 
other  than  their  intended  circuit.  Stray  currents  leave  their  intended 
path  because  of  poor  electrical  connections  within  the  circuit  or 
imperfect  electrical  insulation  or  jacketing  around  the  intended 
conductive  (center  or  outer  conductor)  material.  These  type  of 
corrosion  problems  occur  on  underground  metallic  structures  as  a 
result  of  the  operation  of  direct  current  equipment  such  as  electric 
railways,  welders,  cranes  or  plating  equipment  in  the  area  of  the 
structures. 

The  90-Volt  AC  and  60-Volt  AC  performance  results  were  similar 
to,  or  better  than  unpowered  cables.  The  time  varying  nature  of 
alternating  current  has  minimized  stray  current  corrosion  in  the  60 
and  90-Volt  AC  installations.  The  corrosive  processes  at  work  in  the 
unpowered  and  AC  tests  are  a  combination  of  pitting  corrosion  and 
galvanic  corrosion.  In  addition,  the  power  present  (I2R)  has 
protected  the  cable  from  the  corrosion  process.  This  type  of 
protection  occurs  when  heat  created  in  current  carrying  conductors, 
prevent  or  minimize  the  migration  of  moisture  into  the  area  of  the 
cable  shield.  A  similar  phenomenon  is  well  known  in  the  power 
cable  industry.  That  is,  cable  with  power  will  have  substantially  less 
moisture  content  in  the  dielectric  than  an  unpowered  cable. 

From  visual  inspection  of  the  connector  interfaces  all  three 
connectors  performed  equally  well  with  very  little  change  in  surface 
appearance.  All  three  connectors  showed  about  the  same  surface 
degradation  in  ASTM  corrosive  water  with  no  power. 

After  visual  examination  of  the  connectors,  it  was  found  that  failure 
of  the  connector  occurred  by  the  migration  of  moisture  along  threads 
of  the  connector/F8 1  barrel  and  into  the  shield/dielectric  area. 
Rubber  boots  from  the  connector  manufacturers  were  tested  on  the 
connector  interface  to  see  if  this  would  stop  moisture  migration  into 
the  connectors.  The  boots  are  placed  over  the  threads  of  the  barrel 
and  when  the  connectors  are  installed  they  compress  the  boot 
creating  a  seal.  The  performance  of  these  boots  was  mixed  and 
generally  unreliable;  a  large  percentage  of  the  boots  allowed 
moisture  to  migrate  into  the  connectors.  In  addition,  this  type  of 
boot  did  not  protect  the  surface  of  the  connector  from  corrosion. 

The  underground  testing,  while  not  powered,  provides  some 
interesting  areas  of  discussion.  The  Seymour,  CT  site  was  found  to 
be  slightly  less  detrimental  to  the  cable  shield  in  comparison  to 
Chatham,  VA.  The  pH  value  of  the  soil  at  each  site  was  measured 
and  found  to  be  almost  identical  and  nearly  neutral.  The  Chatham 
site  contained  substantially  more  chloride  than  Seymour,  and 
aggressive  anion  which  probably,  more  than  any  other  factor, 
accelerated  the  corrosion  in  Chatham  relative  to  the  Seymour  site. 

Other  significant  factors  in  underground  corrosion  are  soil  resistivity 
and  drainage  characteristics  of  the  soil.  For  example,  a  soil  that 
drains  rapidly  will  be  relatively  non-corrosive  regardless  of  its 
resistivity.  However,  a  soil  that  drains  slowly  and  then  remains  from 
50  to  95%  saturated  with  water  for  extended  periods  will  be 


corrosive,  particularly  if  its  resistivity  is  low.  This  may  be  another 
contributing  factor  in  the  slightly  accelerated  corrosion  noted  in  the 
Chatham  test  cables. 

5.  Conclusions 

DC  powering,  when  used  in  the  drop  system,  is  detrimental  to  the 
metallic  components  of  the  system.  Higher  levels  of  corrosion 
should  be  expected  in  the  area  of  railroads,  welding  shops  and 
plating  businesses. 

The  materials  used  in  cable  today  perform  well  in  both  network 
powered  broadband  cable  as  well  as  conventional  unpowered 
CATV  drops. 

Overall,  the  conclusion  of  this  paper  is  an  endorsement  of  powering 
over  the  drop  cable.  However,  it  has  been  demonstrated  that  the 
fundamental  enemy  of  CATV  drop  cables  is  moisture.  Moisture  may 
migrate  into  a  cable  construction  through  breaks  in  the  jacket, 
unprotected  paths  through  the  cable/connector  junction  or  migration 
through  the  jacket  materials.  Flooding  compound  placed  between 
the  cable  outer  conductor  and  cable  jacket  is  the  answer  to 
preventing  moisture  migration  into  the  cable  construction.  While 
flowing  type  flooding  compounds  have  demonstrated  cable- 
protecting  qualities,  non-flowing  flooding  compounds,  like  TFC@’s 
lifeTime®,  have  been  proven  to  be  most  effective  over  time. 
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Appendix  A,  Table  1 

Cable  Performance  Comparisons  Installed  in  ASTM  Corrosive  Water 

(Change  in  Shielding  Factor  in  dB  (ASF)  from  1  MHz  to  1  GHz) 


Cable 

No  Power 

60  VDC 

60  VAC 

90  VAC 

Average 

Standard  Cable 

-6.2 

Standard  WAVindows 

ESIIiilfll 

*-7.9 

Standard  Conn.  A 

-9.8  (9) 

-3.5  (8) 

-8.9  (8) 

-4.6  (8) 

-6.7 

Standard  A  &  Boots 

N/A 

-17.0  (8) 

-6.8  (8) 

-13.1  (8) 

-12.3 

Standard  Conn.  B 

-10.9  (9) 

-2.3  (7) 

-8.3  (8) 

-6.0  (8) 

-6.9 

Standard  Conn.  C 

-30.4  (9) 

-10.9  (8) 

-25.6  (8) 

-8.3  (8) 

-18.8 

Standard  C  &  Boots 

N/A 

-28.0  (0) 

-10.9  (9) 

-4.1  (9) 

-14.3 

Standard  Cable  Average 

-13.9 

MLS 

-9.9 

-6.9 

Underground  Cable 

-6.4(10) 

-3.5(10) 

-3.5  (10) 

-5.1 

Underground  WAVindows 

-7.2  (8) 

-93.1  (0) 

-7.6(9) 

-4.6  (9) 

*-6.5 

Underground  Conn.  A 

-8.9  (9) 

-10.9  (8) 

-4.1(8) 

-3.5  (8) 

-6.9 

Underground  A  &  Boots 

N/A 

-3.5  (8) 

-2.3  (8) 

-2.9  (8) 

-2.9 

Underground  Conn.  B 

-9.8  (9) 

-6.0  (4) 

-4.1(8) 

-4.1  (8) 

-6.0 

Underground  Conn.  C 

-5.6(9) 

-6.8  (8) 

-6.0  (8) 

-7.6 

Underground  C  &  Boots 

N/A 

-16.1  (9) 

-15.0 

Underground  Cable  Average 

-8.9 

* 

1 

OO 

VO 

-5.2 

-5.8 

LifeTime®  Cable 

-1.6(10) 

-3.2 

LifeTime®  WAVindows 

-2.9  (9) 

-4.1  (9) 

-1.6  (9) 

*-2.9 

Lifetime®  Conn.  A 

-7.2(10) 

-5.1  (8) 

-4.1  (8) 

-5.6 

lifeTime®  A  &  Boots 

N/A 

-4.6  (6) 

-2.9  (8) 

-4.1  (8) 

-3.9 

Lifetime®  Conn.  B 

-7.2  (9) 

-1.6  (9) 

-4.6  (8) 

-2.9  (8) 

-4.1 

Lifetime®  Conn.  C 

-5.1  (9) 

-10.6 

lifeTime®  C  &  Boots 

N/A 

-10.9  (8) 

-5.1  (9) 

-9.2  (8) 

■ 

OO 

Lifetime®  Cable  Average 

-7.1 

*-5.0 

-5.7 

-4.9 

Overall  Average 

-10.0 

*-8.6 

-6.9 

-5.9 

Note:  1)  Asterisk  *  values  indicate  that  the  60  VDC,  W/Window,  ASF  values  have  been  excluded. 

2)  Parenthetical  ()  values  indicate  visual  corrosion  rating  (see  Appendix  B) 
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Appendix  A,  Table  2 

Cable  Performance  Comparisons  Installed  Underground 

(Change  in  Shielding  Factor  in  dB  (ASF)  from  1  MHz  to  1  GHz) 


Cable 

Seymour,  CT 

Chatham,  VA 

Average 

Standard  Cable 

-4.6(10) 

-8.3  (10) 

-6.5 

Standard  W/Windows 

-5.1  (10) 

-8.3  (10) 

-6.7 

Standard  Conn.  A 

-4.1  (9) 

-16.8(9) 

-10.5 

Standard  A  &  Boots 

N/A 

N/A 

N/A 

Standard  Conn.  B 

-2.9  (9) 

-18.6(9) 

-10.8 

Standard  Conn.  C 

-18.1  (9) 

-28.0  (8) 

-23.1 

Standard  C  &  Boots 

N/A 

N/A 

N/A 

Standard  Cable  Average 

-7.0 

-16.0 

-11.5 

Underground  Cable 

-6.4  (10) 

-3.5(10) 

-5.0 

Underground  W/Windows 

-4.1  (10) 

-4.1  (10) 

-4.1 

Underground  Conn.  A 

-5.1  (9) 

-7.6  (9) 

-6.4 

Underground  A  &  Boots 

N/A 

N/A 

N/A 

Underground  Conn.  B 

-6.8  (9) 

-4.1(9) 

-5.5 

Underground  Conn.  C 

-9.8  (9) 

-8.0  (8) 

-8.9 

Underground  C  &  Boots 

N/A 

N/A 

N/A 

Underground  Cable  Average 

-6.4 

-5.5 

-6.0 

lifeTime® 

-2.3  (10) 

-3.5  (10) 

-2.9 

lifeTime®  W/Windows 

-1.6(10) 

-1.6(10) 

-1.6 

lifeTime®  Conn.  A 

-2.9  (9) 

-6.0  (9) 

-4.5 

lifeTime®  A  &  Boots 

N/A 

N/A 

N/A 

lifeTime®  Conn.  B 

-4.6  (9) 

-4.1  (9) 

-4.4 

lifeTime®  Conn.  C 

-16.0  (9) 

-8.3  (9) 

-12.2 

lifeTime®  C  &  Boots 

N/A 

N/A 

N/A 

lifeTime®  Cable  Average 

-5.5 

-4.7 

-5.1 

Overall  Average 

-6.3 

-8.7 

-7.5 

Note:  1)  Asterisk  *  values  indicate  that  the  60  VDC,  W/Window,  ASF  values  have  been  excluded. 

2)  Parenthetical  ()  values  indicate  visual  corrosion  rating  (see  Appendix  B) 
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Appendix  B 

Visual  Corrosion  Rating  System 

Rating  Performance  Degree  of  Corrosion 

Unaffected  -  no  indication  of  corrosion. 

Superficial  rust  or  etching  on  the  surface. 

Uniform  metal  attack,  rust,  and/or  slight  localized  pitting. 

Appreciable  pitting  over  the  surface,  but  no  perforations  through  metal  shield.  Some  minor 
delamination  or  dissipation  of  metallurgically  or  plastic-bonded  metals  leaving  cathodic  metal 
intact. 

Localized  pitting:  only  one  perforation  in  the  shield  by  pitting. 

Localized  pitting:  2  to  5  perforations  in  the  shield  by  pitting. 

Many  localized  pits  causing  perforations  of  shield  <5%  of  the  shield  dissipated  by  corrosion; 
extensive  delamination  of  metallurgically  bonded  metals. 

Severe  corrosion:  pitting  to  perforation  of  shield;  5  to  10%  of  shield  dissipated  by  corrosion;  severe 
corrosion  of  anodic  part  of  metallurgically  bonded  metals. 

Severe  corrosion:  pitting  to  perforation  of  shield;  10  to  25%  of  shield  dissipated  by  corrosion. 

Severe  corrosion:  more  than  25%  of  shield  dissipated  by  corrosion;  shield  stick  has  electrical 
continuity  along  the  cable. 

Severe  corrosion:  shield  is  close  to  electrical  discontinuity  (ELD)  due  to  perforation  in  shield  and 
dissipation  of  metal  by  corrosion. 

Severe  corrosion:  shield  is  electrically  discontinuous  (ELD)  due  to  dissipation  of  metal  by 
corrosion. 

Appendix  C 

Soil  Analysis  Chatham,  Virginia  and  Seymour,  Connecticut 

Seymour,  CT  Chatham,  VA 

Corrosion  Indicators: 

(at  10%  slurry) 


pH  (SU) 

6.24 

6.21 

Specific  Conductance  (pmhos) 

15.60 

14.80 

Alkalinity  (mg/L) 

4.80 

2.90 

Calcium  (mg/L) 

3.30 

0.87 

Constituent  Analysis: 

(Results  in  me/Ke  unless  otherwise  noted) 

Total  Metals: 

Sodium 

392.2 

1072.0 

Magnesium 

3351.0 

2537.0 

Calcium 

1382.0 

328.6 

Potassium 

1492.0 

2037.0 

Iron  (%  w/w) 

1.54 

4.27 

Chloride 

nd<1.0 

48.0 

Nitrate 

13.0 

11.0 

Sulfate 

nd<10.0 

nd<10.0 

Insoluble  Material 

87.90 

77.81 

Soil  Resistivity  (D-cm): 

73,890 

24,247 

Note:  Soil  resistivity  testing  was  conducted  by  TFC®  Engineering.  Environmental  Monitoring  Laboratory,  Inc.,  Wallingford,  CT, 
conducted  all  other  soil  analysis. 
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Copper  LAN  Cable:  Combined  Improvement  of  Various 

Manufacturing  Steps 


J.  Altmayr  P.  Letout 

Rosendahl  Maschinen  GmbH*,  Austria  Pourtier  France,  Chelles  Cedex*,  France 


Abstract 

The  increasing  demand  for  LAN  cable  with  higher  transmission 
rates  and  enhanced  flame  resistance  had  led  to  develop  new 
technologies  for  wire  drawing,  core  extrusion,  twinning  and 
jacketing. 

Existing  process  have  reached  their  limits,  and  it  clearly 
appeared  that  each  manufacturing  step  has  to  be  enhanced. 
Considering  also  that  each  step  strongly  influences  the  result  of 
the  next,  a  common  approach  has  to  be  led. 

The  group  of  Companies  has  therefore  focused  their  combined 
research  and  development  on: 

FEP  foaming  with  improvement  on  extruders,  screws,  crosshead 
and  gas-dosing  system. 

Triple  twist  twinning  with  increasing  output  and  improved 
electrical  performances  of  pair. 

Jacketing  with  flame  retardant  materials  and  improved  tension 
control  to  keep  the  quality  of  triple  twisted  pairs. 

The  specific  evaluation  of  the  results  shows  that  the  methods 
which  have  been  developed,  and  will  be  continued,  give  superior 
improvements  for  Category  cables,  with  possible  application  on 
further  development  in  copper  LAN  cable  production,  and  other 
types  of  data  cable  using  copper  conductors. 

Core  Insulation  for  Twisted  Pair  LAN  Cables 

Twisted  Pair  Cable  Market 

The  Information  age  linking  phones,  computers,  printers, 
scanners,  etc.  has  increased  the  wiring  of  office  buildings 
markedly  during  the  last  decades  and  now  starts  to  expand  even 
inside  our  homes. 

New  applications  as  well  as  the  rapidly  increasing  performance  of 
hardware  effects  the  demand  for  better  quality  and  capacity  of  e.g. 
the  Local  Area  Networks  (LANs). 

Latest  marketing  analyses  speak  about  market  for  installation  of 
LAN  Cat.  5  for  office  buildings  having  passed  the  big  boom  and 
being  rather  stagnating  now  (especially  western  communities). 
The  big  increase  may  be  expected  in  leading-edge  technologies 
for  wiring  the  homes,  plants,  locomotion,  support  of  media-on- 
demand  and  other  next  generation  applications,  e-commerce, 
shared  periphery,  new  interface  technologies  ( IEEE  1394  USB, 
firewire,  i-link,  etc.),  new  networks  (Gigabit  Ethernet,  etc.),  and 
therefore  new  cable  and  new  cabling  design  standards. 


Upcoming  Twisted  Pair  Cable  Standards  (Table  1) 

Regarding  the  fact  that  Networks  are  generally  built  to  fit  at  least 
for  a  period  of  15  years  and  the  costs  for  the  cable  itself  is  about 
less  then  10%  of  the  average  network  installation  costs  only,  the 
usage  of  the  new  high  performance  cables  will  get  it’s  way  into  all 
newly  installed  LANs  very  soon.  Appropriate  specifications  and 
standards  for  the  cabling  systems  are  already  released  or  at  least  in 
development,  (e.g.  Anixter  Level  5,  6,  7  or  TIA/EIA  5 6 8- A  Cat 
.5e,  Cat.  6,  Cat  .7,  DIN44312-5  etc.). 

Upcoming  Twisted  Pair  Cable  Designs 

World  wide,  a  variety  of  UTP  and  STP  constructions  are  in 
development  or  already  in  use  to  meet  this  requirements.  Cables 
based  on  the  Category  6  specifications  are  likely  to  be  tightly 
wounded  and  prevented  from  unravelling  and  pair-to-pair 
interactions.  The  proposed  Category  7  recommendations  call  for  a 
cable  that  is  capable  of  600-MHz  transmission  speeds.  Initial 
Category  7  cable  are  likely  to  be  shielded  both,  the  individual 
pairs  and  the  whole  strand  (SSTP)  to  achieve  the  600-MHz  data 
rate.  In  addition  to  the  demanding  electrical  properties,  plenum 
rated  cables  have  to  meet  most  stringent  flame  and  smoke  spread 
specifications.  In  this  respect,  national  regulations  are  still 
different  from  North  America  to  Europe  and  Asia. 

Foamed  FEP 

Several  testing  results  shows  clearly  that  structure  (2  pairs,  4  pairs, 
multiple  pairs,  UTP,  S-UTP,  STP,  S-STP,...)  and  materials  must 
harmonize  perfectly  to  meet  all  electrical,  mechanical,  smoke  and 
fire  retardant,  and  last  but  not  least  economical  requirements. 

If  electrical  properties  only  were  the  criteria,  PE  would  be  the 
material  of  choice  for  insulation.  It  is  featuring  a  very  low 
dielectric  constant,  inexpensive,  free  of  halogens  and  during 
production  easy  to  process  at  very  high  speeds.  In  combination 
with  a  jacket  of  flame  retardant  PVC  or  polyolefin  it  is  mainly 
utilized  for  non-plenum  risers  and  vertical  tray  cables.  PE  is  used 
for  solid,  foam-skin  and  skin- foam-skin  design. 

To  pass  the  hard  smoke  and  flame  tests  (  UL,  ITS,  CSA)  for 
plenum  cables  installed  in  USA  and  Canada,  designs  with  FEP 
insulation  and  low  smoke  PVC  jacketing  usually  have  been  used. 
Some  cables  have  been  developed  that  utilize  PE,  FRPE  and  FEP 
in  combination  with  LSPVC  or  FEP  jacketing  providing  excellent 
electrical  performance  and  correspond  to  the  fire  regulations. 


*  Both  companies  are  part  of  the  Knill  Gruppe,  Austria. 
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Cabling  Standards 


CAT  5e 

GAT  6  draft  6 
(class  E) 

CAT  7  draft 
(class  F) 

Level  5 

Level  6 

Level  7 

Frequency 

100  MHz 

250  MHz 

600  MHz 

250  MHz 

350  MHz 

400  MHz 

Design 

STP,  UTP 

STP,  UTP 

STP 

UTP,  STP 

UTP,  STP 

UTP,  STP 

Attenuation 

22db 

19,8(19,9)  db 

19  db 

22  db 

22  db 

19.9  db 

NEXT 

35.3 

44.3 

72,2 

35.3 

38.3 

44.3 

ACR 

- 

24.1  (24,4) 

53,4 

13.3 

16.3 

24.3 

NEXT  PS 

32,3 

42.3 

Not  specified  jet 

32.3 

34.3 

43.3 

ACR  PS 

- 

22.5  (22,4) 

Not  specified  jet 

10.3 

12.3 

23.4 

ELFEXT 

23.8 

27.8 

Not  specified  jet 

23.8 

25.8 

27.8 

ELFEXT  PS 

20.8 

24.8 

Not  specified  jet 

20.8 

22.8 

25.8 

Return  Loss 

17.1 

20,1  (17,1) 

Not  specified  jet 

20.1 

20.1 

20.1 

(Table  1:  Passive  testing  of  cables  100m  at  100  MHz;  Electrical  Requirements  as  specified  in  TIA/EIA 
standards  (resp.  ISO/IEC  11801)  and  Anixter  Levels) 


Rheological  properties 


FEP 

PE 

Meltingpoint 

507° F  (264°C) 

375°F (132°C) 

Processing  temperature 

603-633°  F  (360-390°C) 

41 3  -234°F  (170-210  °C) 

Viscosity 

8000  Pa  s 

1300  Pas 

Critical  Shear  Rate 

15-25 

1000  -2000 

(Table  2:  Comparison  of  rheological  properties  of  examples  of  gasified  FEP  and  PE  resins  used  for 
insulation  of  foamed  primariesfor  twisted  pairs  at  an  avaerage  processing  temeperature) 


Extrudersettings 


FEP 

PE 

Feeding 

605  °F 

199°F 

T  ransition 

614°F 

453°  F 

Metering 

635°F 

433°  F 

Adapter 

635°F 

433°  F 

Head 

635°F 

433°  F 

Die 

635°F 

453°  F 

(Table  3:  Comparison  of  guideli 

nes  for  temperature  settings  of  extruders  for  physical  foaming) 

For  future  cable  designs  of  next  generation  cabling  solutions, 
thin  wall  application  of  foamed  FEP  has  become  of  central 
interest.  The  foaming  of  the  dielectricum  results  in  better 
performing  cable  with  faster  velocity  of  propagation  and  less 
delay.  Besides  the  economic  aspects  of  saving  FEP  material,  the 
cable  becomes  more  flexible,  thinner  and  lighter  than  a 
comparable  cable  of  solid  design.  Foamed  FEP  is  also  utilized 
for  the  insulation  of  mini  coaxial  cables. 

Processing  of  foamed  FEP  for  thin  wall 
application 

Apart  from  meeting  the  same  fire  regulation  demands  the 
application  of  foamed  PE  and  FEP  for  dielectricum  of 


twisted  pair  communication  cables  for  high  data 
transmission  rates  is  very  similar.  However,  processing  of 
the  two  materials  is  most  unequal.  This  results  of  the 
different  rheological  properties  of  PE  and  FEP  (Tables  2 
and  3). 

Low  viscosity,  low  processing  temperature  and  low  shear 
sensitivity  allows  processing  of  foamed  PE  with  bigger 
dimensioned  extruders  at  high  processing  speeds  up  to  9000fpm. 
Processing  speed  for  foamed  FEP  is  limited  by  the  properties  of 
the  material.  Without  reduction  of  the  molecular  weight  of  the 
material  (degradation)  or  decrease  of  the  insulation  quality  (melt 
break,  high  excentricity)  production  speeds  far  above  2200  fpm 
can’t  be  expected. 
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Efficient  Processing  equipment  for  thin-wall  insulation 
of  cores 

To  value  the  productivity  of  an  extrusion  unit  all  components  of 
the  system  have  to  be  considered.  Each  single  element  influencing 
the  production  process  has  a  certain  impact  on  expenditure, 
running  costs,  maintenance  needs,  yield,  endurance,  loss  of  value 
and  last  but  not  least  space  requirements. 

Because  of  the  unequal  rheological  properties  of  gasified  PE  and 
FEP  the  economic  utilizing  of  the  same  equipment  for  both  is 
limited  but  advisable  in  some  cases. 

With  an  appropriate  line  concept,  the  special  design  of  extruder, 
screw  and  crosshead  and  the  corresponding  conversion  kit,  a 
certain  compatibility  for  both  FEP  and  PE  is  feasible.  Restrictions 
in  terms  of  quality  respectively  quantity  of  the  production  have  to 
be  considered. 

Over  the  last  two  years  limits  of  efficiency  for  lines  designed  to 
process  foamed  PE  and  FEP  have  clearly  shown  up.  Processing  of 
PE  does  not  loose  any  of  its  advantages  regarding  the  high 
foaming  degree,  constant  diameter,  roundness  and  perfect 
centricity  up  to  9000ft/min  production  speed.  Only,  abrasion  is 
higher  due  to  the  softer  material  used  for  fluor-resistant 
components. 

Though  limited  by  the  material  properties  the  production  speed  at 
processing  FEP  is  still  high  at  about  300m/min.  Nevertheless,  the 
line  components  geared  for  high  speed  production  are  fairly 
oversized. 

The  key  for  highest  efficiency  of  the  extrusion  equipment  is  to 
optimize  all  components  of  the  system  to  process  either  PE  or 
FEP.  Special  designed  extrusion  equipment  and  an  enhanced 
monitoring  and  control  system  allows  to  fully  utilize  the  specific 
properties  of  each  of  the  materials.  The  main  difference  for 
designing  the  extrusion  equipment  is  the  size  and  L/D  Ratio  of  the 
extruders,  screw  geometry  and  especially  the  layout  of  crosshead 
and  dies. 

The  use  of  a  45mm  single-screw  extruder  with  LD  ratio  36  and 
the  special  designed  FEP  foaming  screw  has  a  lot  of  advantages. 
Without  going  beyond  the  critical  shear  rate  the  melt  can  ideal  be 
mixed,  gasified  and  homogenized  at  moderate  temperature.  This 
results  in  fine  and  uniform  cell  structure  of  the  insulation. 

Any  dead-spots  inside  the  double  layer  crosshead  extend  the 
dwell-time  of  parts  of  the  FEP  melt  and  would  cause  degradation 
of  the  material  and  thus  cause  major  irregularities  of  the  core 
insulation.  With  FEM  (Finite  Elements  Method)  continuos  flow 
and  proper  distribution  of  the  melt  can  be  verified  during  design  of 
the  crosshead. 

Dies  for  tube-extrusion  show  the  best  results  for  processing  of 
FEP.  For  this  reason,  the  perfect  homogenized  melt  and  fine 
structure  is  of  utmost  importance  for  thin-wall  application. 
Premature  expansion  and  cooling  of  the  melt  has  to  be  prevented, 
otherwise  melt  fracture  and  cone-break  causes  a  rough  surface. 


The  heating  of  the  entire  crosshead  including  adapters  and  the 
conductor  guiding  thorn  helps  to  keep  the  best  environment  for  the 
melt  right  to  the  preferred  point  of  expansion.  The  appropriate 
draw-down  ratio  for  the  melt  cone  is  depending  on  the  viscosity  of 
the  melt  between  the  outlet  of  the  die  and  the  point  of  contact  with 
the  conductor  .  Thus,  also  final  line  speed  is  depending  on  the 
properties  of  the  gasified  FEP  melt. 

For  PE,  compression  dies  are  used,  which  makes  the  foaming 
process  much  easier  to  handle. 

If  now  all  of  the  special  designed  and  selected  line  components 
(tandem  drawing  with  annealer  and  preheater,  measuring 
equipment,  cooling  section  and  take  up)  besides  the  processing 
equipment  are  tuned  precisely,  nothing  can  hold  efficient 
production  anymore.  This  kind  of  high  quality  cores  (low 
excentricity,  exact  diameter  and  smooth  surface)  is  the  basis  for 
better  twisted  pairs  (Table  4). 

Twinning  Pair  for  LAN  Cables 

Regarding  production  of  high  frequency  copper  cables,  such  as 
LAN  cables  cat. 5,  cat  5+,  cat.  6,  cat. 7,  the  key  point  remains  good 
quality  of  the  primary  copper  conductor  itself : copper  core 
quality(  (material, quality,  diameter  consistency,  elongation, 
surface  quality)  is  very  important.Type  and  quality  of  insulation  is 
similarly  very  important  (talking  for  example  about  PE 
insulation, :  solid,  foam  skin,  skin  foam  skin,  and  foaming  rate  or 
percentage  of  air  or  other  type  of  insulation  such  as  FEP). Most 
important  of  all  however  being  concentricity  between  copper  core 
and  insulation  material. 

Twinning  Process  has  also  its  importance,  specially  as  far  as 
accuracy  of  pair  laylength  is  concerned.  The  necessary  accuracy 
has  to  be  obtained  in  order  to  meet  the  required  cable 
performance. 

The  laylength  accuracy  generally  required,  and  obtained,  is  less 
than  +/- 1%  when  measured  for  example  over  20  consecutive  lays. 

It  is  interesting  however  to  note  that  even  this  parameter  ( 
accuracy  of  lay  length)  is  being  influenced  by  the  quality  of 
copper  core  itself  (mainly  by  elongation  ratio  and  annealing 
factor). 

The  above-mentionned  parameters  being  very  well  mastered, 
focus  has  been  put  on  increasing  productivity  when  pairing  the 
copper  conductors  for  LAN  cable. 

*  For  instance,  one  single  pair  for  LAN  cat. 6,  with  short  laylength 
10  mm,  would  be  produced  today,  with  conventionnal  method,  at 
following  speed : 

0.010  m  (laylength  in  meter)  x  4000  twists/mn  (conventional 
pairing  speed)  =  40  m/mn 

*  The  proposed  method  would  allow  : 

0.010  m  (laylength  in  meter)  x  6000  twists/mn  =  60  m/mn 
which  represents  a  significant  increase  of  production  speed. 
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Processing  equipment 


FEP  (PE  utilization  <20%) 

PE  (FEP  utilization  <20%) 

Mainextruder  (Type) 

Horizontal  extruder  RE 

Horizontal  extruder  RE  1.60.30 Fluor 

1 .45.36 Fluor  resistant 

resistant 

( Expansion>68% :  additional  6D 

Extension) 

L/D  Ratio 

36 

30  (+6  for  extension) 

Inner  skin  extruder 

(PE  kit:  Vertical 
extruder  1 .30.24) 

Vertical  extruder  1.30.24 

Outer  skin  extruder 
(Type,  L/D  Ratio) 

Co-extruder  RE  1.30.24  CO  F 

Co-extruder  RE  1.45.24  CO  F 

Screw  Inner  Skin  Extruder 

-  (PE  kit:  Universal  barrier 
screw 

30.24  RB2) 

Universal  barrier  screw  30.24  RB2 

Screw  Outer  Skin  Extruder 

Barrier  screw  30.24  3 F 

(FEP  kit:  Barrier  screw  FEP  45.24  3F) 

Screw  Mainextruder 

Barrier  screw  45.36 F; 

Barrier  screw  60.30  C5 L 

hardsurfaced  flights 

(barrier  screw  60.36  C6.2L  for  Ex> 68%) 

(PE  kit:  Barrier  screw  45.36 

hardsurfaced  flights 

ionitrated;  hardsurfaced 
flights) 

(FEP  kit:  barrier  screw  60.30  3F) 

Flange 

Heated 

heated 

Crosshead 

Double  layer  X-head  Fluor: 

Triple  layer  X-head 

shear  retardant 

(FEP  kit:  Double  Layer  Fluor:  shear 

(PE  kit:  Triple  layer  X-head) 

retardant) 

Die 

Tube  extrusion  dies;  thorn 

Compression  dies 

heated;  balanced  for  FEP 

(FEP  kit:  tube  extrusion  dies;  thorn 

PE  kit:  compression  dies 

heated; 

Vacuum  pump 

Yes 

(FEP  kit:  yes) 

Gas  dosing&injection 

RSD  (up  to  800  bar) 

RSD  (up  to  800  bar) 

Max.  Linespeed 

600  -  2200  fpm 

9000  fpm 

(FEP:  600-2200  fpm) 

Foaming  degree 

20  -  60%  (PE:  up  to  73%) 

Up  to  73% 

(FEP:  20  -  60%) 

Control&Monitoring 

RIO  enhanced 

RIO  enhanced 

Table  4:  Comparison  of  optimized  processing  equipment  for  foamed  thin-wall  insulation  of  FEP/PE 
foam  cores  diameter  over  insulation)advised  by  Rosendahl  Maschinen  GmbH.  The  necessity  to 
process  to  a  certain  percentage  both  of  the  materials  on  one  line  has  been  taken  into 
consideration.  Also,  with  an  additional  kit  the  equipment  can  be  adapted  to  solid  insulationwith 
increased  linespeed. 
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Fig.  2 


Fig.  1 

New  Twinning  process 

The  new  twinning  process  includes: 

1/  Backtwister  unit  : 

A  backtwister  unit  (as  shown  in  Fig.l)  is  producing  one 
pair  under  the  following  process  : 

-wire  fl,  coming  from  from  a  stationary  pay-off  (Bl)  is 
backtwisted  when  going  through  the  bow  which  rotates 
around  B2  (at  speed  2000  RPM) 

-wire  f2  is  coming  from  stationary  pay-off  (B2). 

-The  2  wires  f  1  &  f2  are  then  twinned  at  speed  upto  2000 
twists/mn  corresponding  to  to  the  bow  rotation  speed. 

At  this  point,  the  pair  is  formed  with  full  backtwist  (100%) 
on  each  wire. 

This  system  is  well  known  to  the  cable  makers  and  has  long 
been  used  for  various  production  in  the  cable  industry. 

It  is  a  single  twist  process  with  full  backtwist. 

2/  Double  twit  take-up  : 

The  pair  which  has  been  formed  previously  on  the 
backtwister  unit  is  then  twisted  again  on  conventionnal 
double  twist  take-up  unit  (buncher)  as  shown  on  Fig. 2 

The  buncher  provides  a  double  twisting  wich  is  added  to 
the  twist  already  made. 

This  kind  of  buncher  is  generally  giving  4000  twists/mn  s 


The  combination  of  the  backtwister  unit  and  double  twist 
take-up  is  resulting  in  a  triple  torsion  giving  : 

2000  tw/mn  +  4000  tw/mn  =  6000  tw/mn 

This  performance  is  of  course  surpassing  all  existing 
process. 

The  main  point  is  that  it  also  improves  the  electrical 
performance  of  the  twisted  pair  by  giving  a  certain 
percentage  of  backtwisting  for  each  wire. 

This  percentage  depends  upon  the  respective  speed  of  each 
bow,  as  shown  on  Fig. 3. 

f 
2 
I 


n2 

Fig.  3 

On  the  diagram  shown  on  Fig. 3: 

-N1  is  the  rotating  speed  of  backtwister  bow  in  RPM. 

-N2  is  the  rotating  speed  of  the  buncher  bow  in  RPM. 

The  backtwist  ratio  can  be  calculated  with  the  following 
formula  : 

BTR=1  -  2xN2/(Nl  +  2xN2) 

The  backtwisting  effect  given  naturally  by  the  new  process 
is  generally  33%  and  contributes  to  improve  electrical 
performance  of  the  pair  by  randomising  the  defects  of  the 
copper  conductor. 
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Advantages  of  new  Twinning  Process 
Substantial  increase  of  productivity  in  copper  pair 
production  (+  50%  ) 

Introduction  of  natural  bactwist  effect  adjustable  between  0 
and  100%  for  better  electrical  performance  of  the  pair. 

Can  be  applied  to  a  complete  new  line  or  can  consist  in  up¬ 
grading  an  existing  line,  using  conventionnal  bunchers,  by 
addition  of  the  bactwister  unit  described  in  paragraph  1/. 

In  USA,  a  series  of  evaluation  of  Triple  Torsion  payoff  was 
carried  on  and  compared  to  a  classical  backtwist  payoff. 

On  the  triple  torsion  line  the  trials  were  run  with  an 
additional  50%  of  productivity,  but  it  could  have  been 
possible  to  increase  it  even  more.  Thousands  feet  of  cable 
were  produced  on  both  payoffs  to  compare  the  input 
impedance  uniformity,  near-end  crosstalk  headroom  margin 
and  margin  uniformity  in  order  to  determine  the  quality  of 
the  cable. 

DATA  ANALYSIS 

The  main  means  of  analysis  lay  in  input  impedance 
standard  deviation  and  mean  crosstalk  headroom  margins 
and  standard  deviation.  For  near  and-end  cross  talk,  the 
decision  was  make  to  analyze  the  worst-pair  combination 
margin  at  each  individual  point,  since  most  cable 
specifications  are  stated  as  worst-pair  values.  The  worst- 
value  for  each  point  (every  0.5  MHz  roughly)  was  found, 
and  we  used  all  data  points  from  the  samples  lengths  for 
statistical  purposes. 

Graphical  representations  of  average  input  impedance  data 
show  little  differences  between  the  two  payoffs.  This 
indicates  that  the  singles  experienced  similar  stresses 
during  the  twinning  process.  Visual  inspection  of  the  pairs 
that  were  twisted  with  the  Triple  torsion  unit  showed  no 
visible  crushing  at  the  twist  lay  contact  points. 


With  the  specific  FEP  wire  that  was  used  during  this  trial 
we  obtain  an  increase  in  crosstalk  margin  of  0.5  dB. 

Near-end  crosstalk  in  the  cables  produced  using  the  Triple 
Torsion  payoff  outperformed  that  of  the  classical  machine 
by  approximately  0.5  dB  for  CAT  5  E  and  by  3  dB  for  CAT 
6  of  headroom  margin.  Standard  deviations  of  headroom 
margins  over  the  tested  frequency  spectrum  were  0.5  to  1 
dB,  with  this  trend  holding  at  higher  frequencies  as  well. 

Based  on  the  experimental  data  shown  in  this  evaluation 
and  the  previous  trials,  the  concept  of  Triple  Torsion  is 
extremely  promising  for  the  LAN  cables  industry  all  over 
the  world  and  especially  in  north  America. 
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Abstract 

The  loose  tube  design  is  the  workhorse  of  the  fiber  optic  cable 
industry.  For  years  it  has  provided  the  mechanical,  thermal,  and 
environmental  robustness  needed  to  ensure  optical  performance  in 
rugged  aerial  and  underground  applications.  A  strong  customer 
desire,  however,  is  to  reduce  the  size  and  weight  of  these  cables  to 
get  more  fiber  density  in  conduit  systems,  install  cable  further,  and 
reduce  support  strength  needed  for  aerial  application.  To 
accomplish  this  goal,  without  surrendering  cable  resilience,  requires 
advanced  technologies,  including  Finite  Element  Analysis, 
statistical  design  optimization,  material  science  advancements,  and 
a  tightly  controlled  manufacturing  process. 

This  paper  discusses  the  various  design  considerations  and  the 
different  steps  of  development  that  led  to  a  reduced  size  loose  tube 
cable  family  with  performance  comparable  to  the  current,  larger, 
designs.  Benchmarking  test  results  are  presented  to  support  this 
conclusion. 

Keywords 

Cable;  loose  tube;  size;  performance;  FEA;  modeling 

1.  Introduction 

As  fiber  demand  increases,  carriers  are  continually  striving  to  get 
more  bandwidth  out  of  their  rights-of-way,  while  remaining 
economically  competitive.  For  duct  and  aerial-lashed  applications 
of  fiber  optic  cable,  it  is  advantageous  to  have  a  smaller  and  lighter 
cable  for  a  given  fiber  count.  The  increased  fiber-density  can  allow 
more  cables  in  a  duct,  and  the  lighter  weight  can  result  in  lower  pull 
force  or  less  loading  on  an  aerial  messenger.  The  basis  of  reducing 
the  size  and  weight  of  a  loose  tube  cable  is  to  reduce  the  size  of  the 
buffer  tube  housing  the  fibers.  This,  in  turn,  leads  to  a  smaller 
central  member  and  outer  sheath  diameter,  thus  achieving  a  higher 
fiber  density.  One  of  the  immediate  benefits  includes  the  capability 
of  manufacturing  longer  cable  lengths  without  having  to  modify 
existing  reels,  thus  lowering  shipping  costs.  In  addition,  the  product 
performance  benefits  of  a  smaller  tube  /  cable  include  more  storage 
length  in  manholes  and  enclosures,  smaller  bend  radii,  and 
increased  flexibility. 

Reducing  the  cable  size  challenges  designers  and  manufacturers  to 
employ  advanced  analysis  techniques,  tighter  tolerances,  and 
increased  process  control. 


2.  Advancements  in  Technology 

Analogous  to  computer  chip  development,  making  a  product 
smaller  often  necessitates  advancements  in  technology.  Simply 
“scaling”  dimensions  of  the  current  product  could  lead  to  disastrous 
results  if  the  design,  material,  and  manufacturing  control  are  not 
enhanced  in  pace.  Understanding  what  advancements  would  be 
necessary  for  developing  a  reduced-size  loose  tube  cable  began  with 
a  categorization  of  the  general  cable  performance  characteristics, 
followed  by  identification  of  those  that  may  be  affected  by  reducing 
the  cable  size.  The  list  below  is  a  subset  of  the  performance 
attributes  of  loose  tube  fiber  optic  cables: 

•  Optical  performance  under  compressive  loads 

•  Fiber  strain  under  tensile  loads 

•  Optical  performance  at  extreme  temperatures 

•  Viscous  flow  of  filling  compounds  at  elevated  temperature 

•  Optical  and  mechanical  performance  under  bending  conditions 
at  temperature  extremes 

•  Optical  and  mechanical  performance  under  torsional  loads 

•  Optical  and  mechanical  performance  under  impact  loading 

•  Prevention  of  water  penetration  through  cable  elements 

•  Compatibility  and  integrity  of  cable  with  termination  closures 
under  temperature  extremes 

Of  these,  it  was  felt  that  compression,  tensile,  and  thermal 
performance  deserved  detailed  analysis  before  prototype  cables 
were  manufactured.  To  study  the  resistance  to  compression,  it  was 
determined  that  a  more  sophisticated  technique,  such  as  finite 
element  analysis,  was  necessary  since  the  interaction  between  cable 
elements  and  materials  is  too  complex  to  predict  performance  using 
simple  analytical  approaches.  To  characterize  the  tensile  and 
thermal  performance,  which  are  linked  to  the  helical  fiber 
“window”  in  a  loose  tube  cable,  statistical  techniques  were 
developed  for  a  more  accurate  prediction  based  on  normal 
manufacturing  /  material  variation.  Thus,  the  development  process 
of  this  new  product  included  the  creation  of  several  analytical  and 
finite-element  models  which  were  then  validated  through 
experimentation.  The  culmination  of  these  efforts  was  a  family  of 
reduced-size  loose  tube  qualification  cables  that  were  manufactured 
and  tested.  A  summary  of  the  findings  will  be  presented  in  the 
section  of  results. 
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2.1  Compression  Resistance 

The  resistance  to  compression  of  a  loose  tube  cable  is  dependent  on 
dimensions  and/or  materials  used  in  three  main  components;  the 
buffer  tube,  the  stranded  core,  and  the  protective  sheath.  This 
composite  structure  of  viscoelastic  components  requires  advanced 
analysis  techniques,  such  as  Finite  Element  Analysis  (FEA),  to 
simulate  the  deformation  behavior  under  compressive  loading 
conditions.  FEA  makes  it  possible  to  analyze  the  compression 
response  of  a  reduced  size  loose  tube  cable  design,  and  more 
importantly,  allows  for  the  evaluation  of  systematic  changes  to 
geometry  and  materials.  Besides  helping  to  achieve  an  optimized 
design,  FEA  can  greatly  reduce  the  design  cycle  time  by  allowing 
iterations  to  occur  on  the  computer  instead  of  the  prototype  lines. 

In  order  to  perform  a  finite  element  analysis,  a  model  representing 
the  cable  structure  must  be  developed.  A  solid  geometric  model  of  a 
length  of  cable  is  constructed  by  considering  tube  dimensions, 
stranding  pitch,  jacket  thickness,  etc.  Figure  1  shows  the  solid 
model  for  a  five-position  loose  tube  cable. 


Figure  1.  Solid  Model  of  Loose  Tube  Cable 

The  solid  geometry  model  must  be  broken  up  into  many  small 
pieces  called  finite  elements.  The  elements  provide  a  means  for  a 
computer  code  to  track  the  behavior  of  the  entire  structure  under 
loads,  and  allow  material  properties  to  be  assigned  to  various  parts 
of  the  model.  The  finite  element  mesh  created  for  the  cable  model  is 
shown  in  Figure  2. 

The  compressive  loading  on  the  cable  can  be  modeled  by  using 
rigid  plates  that  are  driven  by  a  prescribed  force  or  velocity.  All  the 
model  data  is  used  as  input  to  a  finite  element  analysis  code  that 
solves  a  set  of  equations  simultaneously  for  all  the  elements  in  the 
model.  The  results  generated  from  the  solution,  typically 
displacement,  strain,  and  stress,  can  be  analyzed  and  visualized 
graphically  through  the  use  of  a  post  processing  software  package. 
A  more  detailed  description  of  finite  element  analysis  with 
application  to  cable  compression  modeling  can  be  found  in  a  1998 
IWCS  paper  on  the  subject1. 


Figure  2.  Finite  Element  Mesh  of  Cable 


A  finite  element  analysis  was  performed  that  simulated  the 
compressive  loading  of  the  current  product  design,  and  the  results 
were  compared  to  data  from  an  actual  compression  test.  Figure  3 
shows  a  comparison  of  the  load  versus  deflection  data  obtained 
from  the  FEA  model  and  an  experimental  sample.  Since  the  finite 
element  model  makes  assumptions  regarding  the  fiber  gel-filling 
within  the  buffer  tubes,  it  is  reasonable  to  expect  that  the  experiment 
would  show  an  increasingly  stiffer  response  as  the  load  increases.  In 
the  operational  loading  region  of  a  cable,  however,  the  FEA 
correlates  well  with  the  experimental  data. 

Figure  4  shows  cross  sectional  views  of  the  deformed  configuration 
obtained  from  FEA  and  a  sample  under  load.  Though  this  snapshot 
is  of  a  cable  under  a  load  well  beyond  the  operational  necessity,  the 
good  correlation  between  model  and  experiment  validates  the 
model,  and  makes  it  suitable  for  use  in  design  studies. 


Displacement  (mm) 


Figure  3.  Comparison  of  Compressive  Cable 
Response  for  FEA  Model  and  Experimental  Sample 
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Figure  4.  Deformed  Configuration,  at  Extreme 
Load,  Obtained  from  FEA  and  Experiment 

The  stranding  parameters  for  the  liberation  of  the  new  product 
design  were  chosen  to  satisfy  tensile  and  thermal  performance,  but 
the  jacket  material  and  thickness  were  initially  kept  the  same  as  the 
current  product.  Figure  5  shows  a  comparison  of  compressive  load 
versus  deflection  for  the  current  product  and  the  liberation  of  the 
new  product  design  obtained  from  FEA. 


Figure  5.  FEA  Comparison  of  the  Compression 
Response  for  Current  and  18,-lteration  Designs 

The  response  of  the  two  cables  is  essentially  the  same,  which 
would  seem  to  indicate  the  choice  of  jacket  thickness  and  material  is 
satisfactory.  However,  since  the  new  product  design  has  smaller 
buffer  tubes,  there  is  less  space  available  for  the  fibers,  and  it  is 
possible  that  the  fibers  could  get  pinched  at  lower  loads.  Therefore, 


an  additional  indicator  is  necessary  to  judge  the  performance  of  the 
new  design. 

The  test  criteria  for  acceptable  compression  performance  is  typically 
an  increase  in  fiber  attenuation,  which  is  a  result  of  the  fibers  being 
pinched  between  the  walls  of  the  buffer  tube.  Without  considering 
the  fibers  in  the  finite  element  model,  a  reasonable  approximation  to 
the  onset  of  fiber  pinch  would  be  the  load  required  to  exhaust  the 
available  free  space  around  the  fibers  within  the  buffer  tube.  The 
cross  sectional  view  of  the  deformed  cable  in  Figure  4  shows  that 
the  top  buffer  tube  is  being  pinched  the  most  severely.  Since  the 
tubes  are  stranded  around  the  center  member,  the  pinch  point  will 
occur  periodically  in  all  the  tubes  along  the  length  of  crushed  cable. 
However,  considering  a  single  pinch  location  in  one  of  the  buffer 
tubes  is  sufficient  due  to  symmetry.  Also,  the  pinched  section  of  a 
tube  is  localized  enough  that  a  cross  sectional  area  at  that  point  is  an 
adequate  characterization  of  the  available  free  space  for  the  fibers. 

The  cross  sectional  area  of  the  buffer  tube  at  a  pinch  location  was 
computed  over  a  range  of  compressive  loads  for  the  current  product 
and  the  lst-iteration  of  the  new  product  design.  An  effective  fiber 
bundle  area  was  subtracted  from  the  buffer  tube  area  to  give  an 
indication  as  to  when  the  empty  space  is  exhausted. 

The  fibers  tend  to  spread  out  when  the  buffer  tube  deforms,  so  an 
effective  area  of  a  deformed  bundle  was  used.  Figure  6  shows  the 
remaining  buffer  tube  area  curves  for  the  two  cable  designs.  The 
curves  show  that  the  area  is  exhausted  at  a  lower  load  for  the  li¬ 
beration  new  product  cable  design,  which  suggests  that  this  cable 
may  not  perform  as  well  as  the  current  product  under  compressive 
loading. 


Figure  6.  FEA  Comparison  of  Remaining  Area 
under  Load  for  Current  and  1st-lteration  Design 


For  the  2nd-iteration  of  the  new  cable  design,  a  jacket  material  with  a 
higher  modulus  was  chosen  to  help  reduce  the  effect  of  the 
compressive  load  on  the  remaining  buffer  tube  area.  The  curve  for 
remaining  area  versus  load  is  shown  for  the  2nd-iteration  design  in 
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Figure  7.  This  option  helps  to  offset  the  critical  load  for  diminished 
area,  and  maintains  the  compact  dimensions  of  the  cables.  It  does 
not  however,  produce  an  optimized  design  when  comparing 
compression  performance  to  the  current  product. 


Figure  7.  FEA  Comparison  of  Remaining  Area 
under  Load  for  Current  and  2nd-lteration  Design 


Figure  8.  FEA  Comparison  of  Remaining  Area 
under  Load  for  Current  and  Optimized  Designs 

A  study  of  the  influence  of  jacket  wall  thickness  on  the  remaining 
area  showed  that  a  slight  increase  in  thickness  results  in  better 
performance.  Figure  8  shows  the  remaining  area  curve  for  the 
optimized  new  product  design.  The  optimized  design  provides 
comparable  performance  and  still  meets  the  objective  of  reducing 
the  size  of  the  cable  components,  thereby  reducing  the  overall  cable 
diameter. 

During  subsequent  cable  testing,  it  was  found  that  the  simple  power 
monitoring  at  a  given  load  was  not  sensitive  enough  to  show 
differences  between  small  design  changes  and  did  not  provide  all  of 


the  data  required  to  validate  the  models.  Therefore,  an  ultra-fast  (50 
Hz)  dual  wavelength  power  monitoring  system  (UPM)  was 
employed  which,  when  integrated  with  the  load  frame  (Instron), 
allowed  for  continuous  power  measurements  for  multiple  fibers 
while  also  recording  compressive  load  and  deflection  values.  Figure 
9  shows  a  typical  output  of  this  measurement  equipment.  Note  that 
this  example  shows  attenuation  beginning  near  the  same 
compressive  loading  as  predicted  by  the  FEA  modeling  shown  in 
Figure  8. 


Figure  9.  Attenuation  Monitoring  During 
Comoressive  Loadina 

2.2  Design  Tolerances 

As  with  any  design  for  manufacturing,  the  tolerances  assigned  to 
critical  dimensions,  as  well  as  material  properties,  must  be 
accounted  for  to  ensure  that  cable  performance  remains  acceptable 
for  all  products  manufactured  within  these  limits.  Two  approaches 
were  adopted  in  the  design  of  the  reduced  size  loose  tube  cable;  a 
statistical  evaluation  of  tolerances  on  cable  performance  and 
tightening  of  the  currently  accepted  manufacturing  variations  to 
handle  the  advanced  design. 

The  concept  of  statistical  evaluation  of  dimensional  and  material 
properties  can  be  clarified  by  an  example  of  a  rod  and  a  plate  with  a 
hole.  If  the  objective  is  to  have  a  rod  that  just  fits  inside  the  hole, 
one  must  take  into  account  the  tolerance  in  the  diameters  of  the  rod 
and  the  hole.  If  the  tolerances  are  stacked,  one  might  mistakenly 
design  around  the  worst  case  -  minimum  hole  diameter  and  the 
maximum  rod  diameter.  If,  however,  the  statistical  distributions  of 
the  rod  and  hole  diameters  are  obtained,  then  a  more  realistic 
prediction  of  a  “no-fit”  situation  can  be  determined  -  to  any 
confidence  level. 

This  concept  was  extended  to  the  much  more  complex  situation  of 
loose  tube  cable  design,  where  parameters  such  as  center  member 
diameter,  tube  dimensions,  jacket  thickness,  and  stranding  geometry 
have  known  statistical  variations  from  the  nominal,  based  on 
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Table  1.  Comparison  of  Statistical  and  Stacked 


Design  Tolerancing 

MINIMUM  MAXIMUM 

(From  Nominal) 

stacked  tolerances 

tensile  window 

statistical  tolerancing 

-36%  +46% 

-12%  +12% 

stacked  tolerances 

contraction  window 

statistical  tolerancing 

-38%  +50% 

-13%  +13% 

stacked  tolerances 
fiber  bend  radius  [mm] 

statistical  tolerancing 

-13%  +14% 

-6%  +6% 

stacked  tolerances 
buffer  tube  gap  [mm] 

statistical  tolerancing 

-170%  +171% 

-69%  +69% 

stacked  tolerances 
cable  elongation  under  load 
statistical  tolerancing 

-11%  +13% 

-4%  +4% 

empirical  process  control  data.  The  raw  materials  themselves  have 
properties  that  can  be  characterized  by  a  distribution,  including 
density,  modulus,  and  thermal  expansion  coefficient.  Mathematical 
analysis  can  then  determine  both  the  nominal  and  predicted 
distribution  of  cable  performance,  based  on  these  underlying 
variations.  This  process  is  used  to  predict  critical  cable  performance 
characteristics  such  as  tensile  and  contraction  windows,  buffer  tube 
gap,  fiber  bend  radius,  and  cable  elongation  under  load.  Table  1 
shows  an  example  of  calculations  that  illustrate  this  statistical 
concept. 

2.3  Process  Control 

The  beauty  of  loose  tube  cable  designs  is  that  the  helical  or  SZ 
stranding  of  the  tubes  creates  an  automatic  overlength  of  fiber 
compared  to  the  cable  length.  Under  increasing  tensile  load  the 
fibers  move  radially  inward  (toward  the  CSM),  without  any 
measurable  fiber  strain,  until  they  contact  the  tube  wall.  Similarly, 
during  low  temperature  cable  contraction,  the  fibers  can  move 
outward,  freely.  If  the  fibers  contact  the  tube  wall,  the  induced 
buckling  will  eventually  lead  to  an  increase  in  attenuation. 

The  most  critical  parameter  that  affects  the  tensile  and  contraction 
windows  is  the  position  of  the  fiber  bundle  within  the  tube  after 
cabling.  If  the  radial  position  of  the  bundle  deviates  from  the 
designed  position,  the  cable  may  show  excessive  strain  under  tensile 
load  or  excessive  attenuation  at  cold  temperature.  Therefore,  correct 
bundle  placement  in  a  cable  with  a  smaller  tube  requires 
advancement  in  control  techniques.  It  is  important  to  decrease  this 
variation  both  from  cable  to  cable  and  along  the  length  of  any  one 


cable.  It  was  found  that  the  winding  process  of  buffering  could 
cause  a  significant  variation  in  bundle  position  along  the  length  of 
the  stranded  cable.  On  the  other  hand,  changes  in  core  geometry 
(5@  1,  8@1,  etc.. .)  can  produce  different  dynamics  under  the  same 
typical  stranding  process  setpoints.  This  has  the  possibility  to  cause 
cable  to  cable  variation  unless  design-specific  controls  are 
employed. 

2.3.1  Buffering.  Starting  with  the  buffering  process,  the 
parameter  to  control  was  the  excess  fiber  length  (EFL)  that  would 
later  come  off  a  wound  reel  at  stranding.  After  an  extruded  buffer 
tube  leaves  the  cooling  water  troughs,  there  are  still  significant 
mechanical  and  thermal  conditions  that  can  affect  the  EFL.  These 
include  the  mechanical  stress  distribution  created  simply  by  the 
winding  itself,  and  the  amplifying  and  permanent  effects  of  stress 
relaxation,  thermal  contraction,  and  post-extrusion  shrinkage. 

Analytical  and  FEA  models  were  created  to  simulate  these  post¬ 
process  effects  on  a  buffer  tube.  The  accuracy  of  the  models  was 
verified  by  measuring  the  EFL  along  the  length  of  experimental 
tubes.  Numerical  simulations  were  then  performed  to  find  an 
industrial  solution  through  modification  of  the  input  processing 
conditions.  This  proved  successful,  and  culminated  with  the 
manufacture  and  stranding  of  tubes  that  had  minimal  variation  in 
EFL  along  their  length. 

Figure  10  shows  a  sample  of  these  results,  which  prove  the 
viability  of  advanced  EFL  control  in  these  aggressive  designs. 


Figure  10.  Control  of  the  Strain  Distribution  and 
EFL  of  a  Wound  Buffer  Tube 

2.3.2  Stranding.  Assuming  nearly  constant  EFL  within  the  buffer 
tubes,  the  stranding  process  will  not  significantly  vary  the  position 
of  the  fiber  bundle  along  the  length  of  any  one  cable.  The  challenge, 
however,  is  that  identical  process  setpoints  can  affect  different  core 
designs  (5@1,  8@1,  etc...)  differently.  For  any  given  tube  and 
CSM  strains,  along  with  the  stranding  geometry  (laylength,  number 
of  turns,  etc...),  the  twist  imparted  to  the  underlying  CSM  will  vary 
with  the  number  of  tubes  stranded  and  the  radius  at  which  they  are 
applied  to  the  CSM.  Since  the  longitudinal  and  torsional  strains  all 
shift  the  radial  position  of  the  fiber  bundle  in  the  finished  cable,  the 
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Tension  (normalized  to  initial  payoff) 


proper  combination  must  be  optimized  for  each  core  design  and  its 
stranding  geometry. 

An  analytical  model  was  developed  to  account  for  these  shifts  to 
find  the  optimum  stranding  setpoints  for  each  design.  The  first 
challenge  of  validating  this  theory  was  to  understand  the  actual  tube 
tension  seen  at  the  stranding,  or  closing,  point.  During  the  SZ 
stranding  process,  turns  are  accumulated  prior  to  the  closing  point  to 
control  the  reversal  from  “S”  to  “Z”.  This  accumulation  naturally 
increases  the  tension  of  the  tube  compared  to  the  initial  payoff 
tension,  yet  is  not  normally  measured  during  production. 

Therefore,  a  full-factorial  Design  of  Experiment  (DoE)  was 
executed,  in  which  four  stranding  parameters  were  varied.  A  load¬ 
cell  was  placed  inline  to  measure  the  tube  tension  at  the  closing 
point  while  the  strander  was  operating.  It  was  found  that  this  tension 
increase  was  most  affected  by  the  number  of  turns  and  by  the  initial 
payoff  tension.  This  empirical  data  was  used  to  create  a  relationship 
between  the  tube  payoff  and  stranding  tensions  which  was 
incorporated  into  the  complete  stranding  model.  Unfortunately,  the 
experiments  also  showed  that  this  tension  “multiplier”  depended,  as 
well,  on  the  type  and  brand  of  stranding  equipment  used  -  making 
for  strander-specific  optimization.  Figure  11  shows  some  results 
from  these  experiments  compared  to  the  resulting  model 
predictions. 


Strander  Accumulator  Tension  Increase 


Figure  11.  Tube  Tension  Designed  Experiment 
Measurements  and  Resulting  Model 

The  resulting  stranding  model  was  validated  through  both  tensile 
and  thermal  testing  of  prototype  cables.  The  prediction  of  fiber 
bundle  position,  thus  window,  was  validated  by  close  correlation  of 
the  measured  and  predicted  fiber  strains  during  a  tensile  test.  An 
example  of  this  correlation  is  shown  in  the  results  section. 

Low  temperature  attenuation  data,  however,  is  more  difficult  to 
correlate  directly  to  the  initial  position  of  the  fiber  bundle.  This  is 


because  any  attenuation  increase  is  a  function  of  both  the  bundle 
position  and  the  amount  of  cable  contraction.  To  help  with  this 
analysis,  a  custom  “CTE  bench”  was  designed,  which  enabled  the 
measurement  of  cable  contraction  and  elongation  throughout  a  wide 
temperature  range.  These  contraction  measurements  provided  the 
empirical  data  necessary  to  then  correlate  attenuation  to  bundle 
position. 


Figure  12.  Model  and  Measurements  of  Cable 
Contraction  at  Varying  Temperatures. 

In  addition,  the  CTE  bench  measurements  provided  empirical  data 
to  substantiate  the  design  calculations  used  to  predict  the  thermal 
properties  of  composite  structures  (Rule  of  Mixtures).  Figure  12 
shows  a  typical  loose  tube  cable  response  during  thermal  cycling 
within  the  CTE  bench,  along  with  the  corresponding  prediction. 

In  summary,  the  design-  and  line-specific  advanced  control  of  the 
critical  stranding  process  parameters,  including  tensions  and  twist, 
combined  with  the  buffering  EFL  solution,  made  possible  the 
manufacture  of  a  cable  family  with  predictable  and  repeatable 
tensile  and  thermal  performance. 

3.  Results 

Using  the  newly  developed  design  and  process  modeling  tools,  and 
with  the  material  and  geometry  changes  suggested  by  the  FEA,  the 
development  proceeded  with  the  design  of  a  family  of  reduced- 
diameter  cables.  All  cables  were  subjected  to  a  full  series  of 
qualification  and  characterization  testing  according  to  the  prevailing 
industry  specifications  and  standards. 

Table  2  shows  a  typical  set  of  test  results,  demonstrating  full 
compliance  to  all  requirements  relative  to  anticipated  installation 
and  operating  conditions. 

In  addition  to  specification  compliance,  there  was  much  interest  in 
the  extent  to  which  cable  performance  matched  the  theoretical 
design  and  process  models.  For  tensile  performance,  the  key 
parameter  to  check  was  the  fiber  strain  at,  and  beyond,  installation 
load.  Figure  13  shows  the  range  of  statistically  predicted  fiber 
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Table  2.  Industry  Test  Results2 


Reduced  Diameter  Loose  Tube  Cable 

CABLE 

Qualification  Test  Summary 

DESCRIPTION: 

60  FIBER  DIELECTRIC 

GR-20  Issue  2 

RESULT 

MAXIMUM 

VALUE 

Finished  Cable  Attenuation 

PASS 

0.35/0.22 

Qualification  Tests 

Compound  Flow 

6.3.3 

PASS  10/10 

NO  DRIP 

Low  and  High  Temperature  Bend 

6.5.3 

PASS 

0.014  dB 

Impact  Resistance 

6.5.4 

PASS  4/4 

0.004  dB 

Compressive  Strength 

6.5.5 

PASS  5/5 

0.012  dB 

Tensile  Strength  of  Cable 

6.5.6 

Fiber  Strain  at  Installation  Load 

PASS 

0.374% 

Fiber  Strain  at  Residual  Load 

PASS 

0.006% 

Fiber  Strain  at  No  Load 

PASS 

0.002% 

Attenuation  at  Residual  Load 

PASS 

0.003  dB 

Attenuation  at  No  Load 

PASS 

0.002  dB 

Cable  Twist 

6.5.7 

PASS 

0.003  dB 

Cable  Cyclic  Flexing 

6.5.8 

PASS 

0.003  dB 

Cable  Termination 

6.5.9 

PASS 

0.039  dB 

Temperature  Cycling 

6.6.3 

PASS 

0.031  dB/km 

Cable  Aging 

6.6.4 

PASS 

0.024  dB/km 

Cable  Freezing 

6.6.5 

PASS 

0.020  dB 

Water  Penetration 

6.6.7 

PASS  5/5 

305  mm 

strains  (taking  into  account  the  assigned  tolerances),  which  compare 


favorably  to  the  measured  fiber  strains. 


For  compression  and  impact  resistance,  it  was  felt  that  the  industry- 
specified  tests  were  not  rigorous  enough  to  critically  compare 
designs.  Therefore,  tests-to-failure  were  conducted  in  order  to 
ensure  the  product  robustness  and  functionality  up  to  the  failure 
point. 

During  compression  testing,  each  cable  was  subjected  to  a 
continuously  increasing  compressive  load.  Attenuation  was 
continuously  monitored  on  multiple  fibers,  using  the  optical 
monitoring  system  (UPM).  The  load  at  which  the  first  six  fibers 
showed  a  measurable  attenuation  increase  (failure  point)  was 
recorded. 
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measurable  attenuation  increase 

500  - 

Construction 

Figure  14.  Compressive  Load  to  Failure  Results 

Figure  14  shows  the  summarized  result  of  this  testing.  The  reduced 
diameter  cable  demonstrates  a  compressive  resistance  that  compares 
favorably  to  the  current  product.  Note  that  the  failure  point  was 
designated  as  attenuation  increase  just  above  the  measurement 
noise,  which  is  much  more  restrictive  than  the  industry  compression 
criteria2.  Even  with  this  aggressive  standard,  the  minimum  load  for 
either  design  was  at  least  125%  of  the  industry  maximum  loading. 

The  cables  were  also  subjected  to  impact  testing.  Using  the  same 
continuous  monitoring  technology,  the  impact  count  at  failure 
(under  different  impact  energies)  was  recorded.  As  shown  in  Figure 
15,  the  new  and  current  products  perform  quite  similarly,  with 
initial  indications  that  the  new  design  outperforms  the  current 
product.  Further  study  is  scheduled  to  “zoom  in”  on  the  impact 
energy  around  the  failure  point  to  better  resolve  any  differences. 
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Figure  13.  Measured  Strains  Compared 
to  Statistical  Prediction 
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Figure  15.  Impact  Test-to-Failure 
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Now  that  specification  compliance  and  robustness  have  been 
demonstrated,  it  is  time  to  go  back  to  the  original  objective  of 
offering  the  customer  a  loose  tube  cable  with  operational 
advantages.  Figure  16  and  Table  3  show  that,  in  fact,  a  reduced-size 
design  provides  significant  rewards  for  the  end  user. 


Figure  16.  Current  and  New  Cable 
Products 


The  result  was  the  successful  design,  manufacture  and  testing  of  a 
family  of  fiber  optic  loose  tube  cables,  incorporating  a  reduced 
buffer-tube  size.  Full  compliance  to  specification  requirements  has 
been  verified,  and,  although  the  free  space  within  the  tube  has  been 
significantly  reduced,  the  mechanical  and  thermal  robustness  has 
not  been  sacrificed  when  compared  to  cables  that  are  currently 
available. 

These  cables  are  up  to  15%  smaller,  20%  lighter,  and  nearly  30% 
more  flexible,  proving  that  you  can  reduce  the  size  without  reducing 
the  performance 
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Table  3.  Product  Comparison 


Standard 

Reduced 

Difference 

Cable  Diameter 

[mm] 

12.40 

10.67 

-14% 

Cable  Weight 

[kg/km] 

111.1 

86.4 

-22% 

Fiber  Density 

[f  /  mm2] 

0.60 

0.81 

35% 

No  Load  Bend  Radius  (10X) 

[mm] 

124 

107 

-14% 

Storage  (length  /  unit  volume) 

[km/m3] 

1.18 

1.38 

17% 

Cable  Flexural  Stiffness  (E*l) 

[N’fn2] 

1.10 

0.79 

-28% 

Pulling  Tension 

[N] 

1376 

1070 

-22% 

4.  Conclusions 

Over  the  years,  the  loose  tube  cable  design  has  earned  a  rugged 
reputation  for  providing  the  necessary  mechanical,  thermal,  and 
environmental  robustness  to  the  fiber  optic  cable  industry.  Now,  the 
challenge  is  to  reduce  the  size  and  weight  of  these  cables  without 
sacrificing  the  esteemed  performance.  The  solution  requires 
developing  and  employing  advancements  in  technology  in  both  the 
cable  design  and  manufacturing  process. 
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Abstract 

We  have  designed  and  developed  the  new  dry  tube  cable  with  the 
specially  designed  water  blocking  laminated  tape.  This  cable  makes 
mid  span  access  easily,  then  the  networks  for  distributed  customers 
can  be  constructed  economically.  In  case  of  aerial  application,  this 
cable  can  be  adapted  for  the  self-supporting  structure  with  cable 
slack. 

We  have  manufactured  several  prototype  cables  composing 
250micron  coated  fibers,  2-fiber  ribbons,  4-fiber  ribbons,  8-fiber 
ribbons  and  16-fiber  ribbons,  and  have  evaluated  its  cable 
performance.  The  fiber  counts  composed  in  these  cables  are  from  2 
to  80  fibers.  All  cables  shows  good  transmission  characteristics  and 
easy  mid  span  access  operations. 

Keywords 

Optical  cable,  fiber  ribbon,  dry  tube,  mid  span  access 

1.  Introduction 

In  recent  years,  a  large  number  of  optical  cables  have  being  installed 
To  construct  the  access  networks  and  the  FTTH  networks.  In  order 
to  construct  these  networks  economically,  it  will  be  necessary  to 
reduce  both  the  cost  of  components  and  the  cost  of  constructing  the 
networks.  From  the  view  point  of  optical  cable  design,  reduction  of 
the  cabling  cost  must  be  demanded,  and  the  cable  structure  should 
be  designed  considering  branch  of  the  fibers  to  the  other  cables  or 
the  optical  drop  wires.  Especially,  mid  span  access  capability  of  the 
optical  cable  for  the  access  networks  will  be  more  important[l].  In 
this  paper,  we  describe  about  the  new  dry  tube  cable  with  the 
specially  designed  water  blocking  laminated  tape. 

2.  Cable  design  concepts 

We  have  designed  and  developed  the  new  optical  cables  based  on 
following  concepts. 

2.1  Reduction  of  cabling  cost 

The  new  cable  must  be  manufactured  with  single  process  to 
reduce  the  cabling  cost 

2.2  Water  blocking  performance  with  dry  structure 

In  order  to  get  the  easy  handling,  the  water  blocking  performance 
should  be  achieved  with  dry  structure  using  water  swellable 
material.  We  have  developed  the  new  dry  tube  cable  with  the  water 
blocking  laminated  tape. 


2.3  Prevention  of  fiber  movement 

The  fiber  movement  in  cable  may  be  critical  problem  on  the  dry  tube 
structure.  Therefore,  any  restrictive  means  to  fiber  movement  may 
be  needed. 

2.4  Mid  span  access  capability 

Mid  span  access  from  the  installed  cables  is  very  important  to 
construct  the  distributed  access  networks  economically. 
Therefore,  the  cable  structure  should  be  designed  considering  easy 
sheath  entry  operation. 

2.5  Feasibility  composing  any  fiber  structure 

The  cable  should  be  able  to  compose  any  type  of  fiber,  for 
example,  SM,  MM  and  NZ-DSF,  single  fiber  and  ribbon  fiber, 
and  so  on.  Because,  the  optimized  fibers  are  demanded  for  each 
applications.  The  unified  cable  structure  may  be  effective  not  only 
reduction  of  cabling  cost  but  also  simplifying  the  cable 
accessories  and  the  operations  for  installing  and  jointing. 

2.6  Self-supporting  structure  for  aerial  application 

In  case  of  aerial  application,  the  cable  can  be  adapted  for  the  self- 
supporting  structure  with  cable  slack.  This  structure  is  effective 
to  get  easy  mid  span  access  operation  under  aerial  condition. 

2.7  Fire  retardant  structure  for  indoor  application 

The  fire  retardant  performance  is  demanded  for  the  indoor 
application.  The  fire  retardant  polyethylene  may  be  used  for  the 
sheath  material.  Dry  structure  without  jelly  compound  is  suitable  to 
get  high  resistance  to  the  fire. 

3.  Cable  design 

3.1  Cable  structure 

Based  on  these  requirements,  we  introduce  the  new  cable  structure 
as  shown  in  Figure  1.  The  specially  designed  water  blocking 
laminated  tape  is  used  for  the  dry  core  tube.  The  fibers  are  inserted 
into  the  dry  tube,  and  the  special  resin  is  put  in  the  tube 
intermediately  in  order  to  fix  the  fibers  in  the  cable.  This  special 
resin  is  enough  soft  to  maintain  good  transmission  characteristics 
and  can  be  removed  easily  from  the  fibers  without  special  tools  or 
solvent.  This  newly  developed  cable  is  composed  of  single  layer 
polyethylene  sheath  with  the  dual  ripcords,  in  order  to  remove  the 
sheath  easily.  This  cable  can  be  manufactured  with  single  process. 
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Laminated  tape 


Figure  1 .  Laminated  tape  inner  tube  cable 

3.2  Excess  fiber  length  and  inner  diameter  of  a 
tube 

In  order  to  get  good  transmission  characteristics,  the  excess  fiber 
length  in  a  tube  is  one  of  the  most  important  parameters. 

The  excess  fiber  is  packed  in  a  tube  as  shown  in  Figure  2.  In  order 
to  avoid  loss  increase,  the  inner  diameter  of  a  tube  should  be 
designed  considering  allowable  fiber  curvature  radius  in  a  tube.  The 
minimum  fiber  curvature  radius  “rmin”  can  be  expressed  in  terms  of 
the  amplitude  of  sinuous  fiber  “a”  and  the  excess  fiber  length  ratio 
“e”,  as  shown  in  equation  (1). 

rmin  =  a/4e  (1). 

The  inner  diameter  of  a  tube  should  be  determined  considering  the 
excess  fiber  length,  the  liner  expansion  coefficient  of  a  cable  and  the 
allowable  fiber  curvature  radius  in  a  tube.  Figure  3  shows  a 
calculated  result  of  the  relationship  between  these  three  parameters. 
The  excess  fiber  length  and  the  inner  diameter  of  a  tube  are  designed 
considering  this  result. 


rmin 


Figure  2.  Sinusoidal  fiber  in  a  tube 

Moreover,  the  fiber  slack  can  be  obtained  by  this  excess  fiber  at  the 
mid  span  access  point  as  shown  in  Figure  4.  We  investigated  the 
relationship  between  the  fiber  slack  and  the  excess  fiber  length 
theoretically.  Figure  5  shows  the  calculated  result. 


Figure  3.  Relationship  between  excess 
fiber  length,  amplitude  of  sinous  fiber 
and  fiber  curvature  radius 


Removal  sheath  length 


Figure  4.  Fiber  slack  at  mid  span  access 
point 


Excess  fiber  length  ratio  (%) 

Figure  5.  Relationship  between  excess 
fiber  length  and  fiber  slack  at  mid  span 
access  point 

3.3  Mechanical  strength 

It  is  necessary  to  get  the  enough  mechanical  strength  by  the 
polyethylene  tube  sheath.  Mechanical  strength  is  influenced  by  the 
outer  diameter  and  the  thickness  of  the  tube.  The  cable  deformation 
characteristics  under  lateral  load  had  been  reported  [2],  The 
mechanical  strength  of  the  polyethylene  tube  sheath  could  be 
expected  by  this  method.  In  elastic  region,  the  resistance  to  lateral 
pressure  can  be  assumed  by  equation  (2).  Here,  “ro”  and  “rs”  are 


International  Wire  &  Cable  Symposium 


165 


Proceedings  of  the  49th 


outer  and  inner  radius  of  a  tube,  and  “t”  is  thickness  of  a  tube  and 
“c”  is  constant. 

d  =  c((ro  +  ri)/2t)3  (2) 

We  prepared  some  tubes  which  have  different  inner  and  outer 
radius,  and  investigated  its  lateral  pressure  characteristics.  The 
results  are  shown  in  Figure  6,  then  it  was  confirmed  that  the 
equation  (2)  may  be  usefull  for  estimating  strength  of  a  tube.  Based 
on  this  analysis,  the  prototype  cables  were  designed  in  order  to  get 
the  enough  mechanical  strength. 


0.00  0.50  1.00  1.50  2.00  2.50  3.00 

((ro+ri)/t)A3  (Relative  value) 

Figure  6.  Lateral  pressure  test  results  of 
several  tubes 

4.  Trial  cables 

We  designed  and  manufactured  several  prototype  cables  and 
evaluated  these  cable  performances. 

4.1  Trial  cable  structures 

We  designed  and  manufactured  several  prototype  cables  with 
various  fiber  structures  as  follows. 

1)  24-fiber  cable  with  250  micron  coated  fibers 

2)  24-fiber  cable  with  2-fiber  ribbons 

3)  24-fiber  and  40-fiber  cable  with  4-fiber  ribbons 

4)  40-fiber  cable  with  8-fiber  ribbons 

5)  48-fiber  cable  with  1 2-fiber  ribbons 

6)  80-fiber  cable  with  16-fiber  ribbons 

The  structural  parameters  are  listed  in  Table  1.  In  case  of  aerial 
application,  the  self-supporting  structure  with  cable  slack  as  shown 
in  Figure  7  can  be  applied  [3].  Moreover,  we  tried  to  design  and 
manufacture  more  smaller  fiber  count  cable,  which  may  be  used  for 
drop  cable.  2-fiber  and  4-fiber  drop  cable  could  be  achieved  using 
2-fiber  ribbons. 


Table  1.  Structural  parameters 


of  prototype  cabl 

es 

Fiber 

Fiber 

Cable 

Cable 

count 

diameter 

weight 

250  micron  fibers 

24 

7.0mm 

0.06kg/m 

2-fiber  ribbons 

24 

7.0mm 

0.06kg/m 

4-fiber  ribbons 

24 

9.5mm 

0.08kg/m 

8-fiber  ribbons 

40 

9.5mm 

0.08kg/m 

12-fiber  ribbon 

48 

9.5mm 

0.08kg/m 

16-fiber  ribbons 

80 

14.6mm 

0.16kg/m 

Fiber  slack 

Fiber  slack  at  mid  span  access  point 

Figure  7.  Self-supporting  structure  with 
cable  slack 

4.2  Cable  performance 

These  trial  cables  are  investigated  its  performance.  The  evaluated 
results  are  listed  in  Table  2.  These  results  show  that  this  newly 
designed  structure  have  comparable  performance  like  the 
conventional  slotted  core  cables.  And  the  water  blocking 
characteristic  have  been  confirmed  also. 


Table  2.  Cable  performance 


Item 

Test  condition 

Results 

Attenuation 

1310nm 

<  0.35dB/km 

1550nm 

<  0.25dB/km 

Temperature 

-30  ...70  deg. 

<  O.lOdB/km 

Tensile 

0.3%  elongation 

No  loss  change 

Squeezing 

250mmR 

No  loss  change 

Bending 

1 60mmR 

No  loss  change 

Lateral  pressure 

2000N/100mm 

No  loss  change 

Twisting 

90  deg./m 

No  loss  change 

Impact 

9.8N/m 

No  loss  change 

Water  blocking 

3m 

No  water  leakage 

4.3  Mid  span  access  operation 

We  tried  the  mid  span  access  on  the  trial  cables.  The  operating 
processes  of  mid  span  access  are  following.  At  first,  the  sheath  is 
cut  with  the  dual  ripcords,  and  the  cable  is  divided  to  two  pieces. 
Then,  the  fibers  can  be  picked  out  from  the  divided  cable  easily  and 
the  sheath  can  be  removed  safety. 

We  measured  the  operational  time  and  the  optical  loss  change 
during  mid  span  access  operation.  The  operational  time  is  shown 
in  Figure  8,  compared  with  that  of  a  conventional  SZ-slotted  core 
cable.  As  results,  the  newly  designed  cable  has  easy  handling  for 
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mid  span  access,  and  the  optical  loss  change  at  1.55  micron  was  not 
observed. 


Process  of  mid  span  access 

Figure  8.  Operating  time  for  mid  span 
access 

5.  Conclusions 

We  have  designed  and  developed  the  new  dry  tube  cable  with  the 
specially  designed  water  blocking  laminated  tape.  This  cable 
makes  mid  span  access  easily,  then  the  networks  for  distributed 
customers  can  be  constructed  economically.  We  have 
manufactured  several  prototype  cables  composing  various  kind  of 
fibers,  and  have  evaluated  its  cable  performance.  It  was 
confirmed  that  all  cables  shows  good  transmission  characteristics 
and  easy  mid  span  access  operations. 
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Development  of  a  new  Optical  Fiber  Cable  to  be  Installed  by  Blowing 
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Abstract 

Among  several  method  used  to  install  cable  in  long  distance 
routes,  blowing  method  is  higher  recommended  due  to  the  lower 
cost,  short  time  and  low  tension.  In  order  to  take  advantage  of  this 
method,  it  is  well  known  that  cable  design  shall  be  optimized.  In 
this  paper  we  present  the  development  of  new  cable  to  be 
installed  by  using  this  technique.  The  structural  design  of  this 
cable  was  investigated  and  based  on  this  results,  the  cable  was 
installed  and  its  performance  was  compared  with  a  conventional 
cable  for  used  in  ducts. 


Keywords 

Optical  Fiber  Cable;  Blow  Method;  Blowing  Installation. 


along  the  cable,  a  distributed  force  is  exerted  on  this  cable.  The 
total  blowing-force  is  an  order  of  magnitude  lower  than  the  forces 
that  appear  when  the  pulling  technique  is  used,  reducing  the  risk 
of  damaging  the  cable.  The  airflow  makes  a  blowing  force  on  the 
cable,  and  the  driving  wheels  push  the  cable  into  the  duct. 


AIR  COMPRESSOR 


Figure  2.  Blowing  Technique  System 


1.  Introduction 

Recently  the  installation  of  optical  fiber  cables  by  blowing 
method  in  Brazil  has  been  used  in  long  distance  routes.  For  this 
reason,  it  is  requested  fast  network  implementation  with  high 
productivity  and  obviously  lower  cost.  In  the  same  way,  it  is 
important  to  use  an  optical  cable  with  sufficient  performance  to 
attend  these  necessities. 

In  this  work  we  present  a  new  cable  to  be  installed  through 
blowing  technique.  We  evaluated  several  types  of  cables  with 
different  outer  sheath  materials  as  well  as  many  kind  of  surfaces 
of  the  cable  to  reach  a  minimal  friction  coefficient  and  a 
maximum  blowing  force.  The  use  of  duct  routes  is  the  most 
common  installation  method.  Subducts  are  also  much  used,  in 
which  individual  cables  can  be  pulled  without  interfering  with  the 
other  cables  (see  Figure  1).  This  is  an  advantage  to  minimize  the 
initial  cost  of  the  route  because  you  can  install  the  amount  of 
optical  fiber  according  to  the  necessity. 


2000m 

500m _ _ 

n  -~n  =//  =//  —n  —u  =//—//  ■---//  —u  —n  —u—n —/}  ■■ 

1 _ : 

: _ 

_i — 

Manhole  Ducts  Slices  Ducts  Manhole 


Figure  1.  Blowing  Method  Configuration 


The  method  to  install  optical  cable  by  blowing  consists  in  the 
injection  of  pressurized  air  along  the  duct  and  pushing  the  cable 
into  the  duct  (see  Figure  2).  When  a  high-speed  airflow  is  forced 


1.1  Components  of  Blowing  Method 

•  Air  compressor:  provides  air  to  the  system 

•  Driving  Wheels:  It  has  double  function,  pushing  or  breaking 
the  cable  into  the  duct. 

•  Lubricant:  leaves  the  inner  duct  surface  with  a  layer  that 
decrease  the  friction  cable-duct. 

•  Ducts:  must  have  to  support  the  maximum  pressure  that  the 
air  compressor  can  provides.  The  internal  duct  surfaces  also 
can  help  to  minimize  the  friction  between  cable-duct. 

•  Cable:  It  must  present  characteristics  that  help  to  reach  the 
larger  length  in  a  short  time. 

1.2  Variables  of  Blowing  Technique 

In  order  to  understand  how  the  variables  influence  in  the  Blowing 

System,  this  math  simple  model  to  the  Blowing  Method  was 

developed. 


Cable  Airflow  Duct 


\ 

\  i 

F3  \ 

—K,  —Jr  --f  -g. 

►  feiTTifF  | 

4  F2 

Figure  3.  Blowing  Technique  Forces 
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This  is  a  dynamic  problem  with  three  forces  that  can  be  written 
this  form; 

£F  =  F1  +F2  +  F3 

where: 

FI  -  Is  the  blowing  force  caused  by  viscosity  airflow  on  the  cable 
surface 


FI  =  t  .  k  .  dl 

Where; 

t  -  Is  the  shear  stress  average  on  the  surface  of  the  cable. 

F2  -Is  the  friction  force  between  cable  and  duct.  This  force  is 
against  to  movement  of  the  cable. 


F2  =  -  fa  .  co  .  1 

Where; 

fa  -  Is  the  friction  coefficient  cable-duct 
co  -  Is  the  cable  specific  weight 

F3  -  Is  the  force  provided  by  driving  wheels,  it  can  present  values 
negative  or  positive. 

F3=  ±F 

EFext  -  Resultant  of  forces  that  moves  the  cable  into  the  duct. 

LFext  =  t  .  k  .  dl  -  fa  .  co  .  1  ±  F 

Where  each  term  is  mainly  influenced  by  variables  describe 
below: 

The  term  t  (shear  stress)  depends  mainly  on: 

•  In  Pressure. 

•  Internal  diameter  duct. 

•  External  diameter  cable. 

•  Cable  weight. 

•  Internal  surface  duct. 

•  External  surface  cable. 

The  term  fa  (friction  coefficient  cable-duct)  depends  on 

•  Internal  surface  duct 

•  External  surface  cable 

•  Material  of  duct  and  cable. 


decrease  the  friction  between  cable-duct  and  improve  the  drag 
force  and  cable  stiffness. 

A  schematic  drawing  of  the  cable  design  is  shown  in  Figure  4. 


Figure  4.  Design  of  the  New  Cable  to  be  Installed 
by  Blowing  Method. 


2.1  Comparative  Analysis. 

In  order  to  know  the  real  improve  of  performance  of  the  NC  (New 
Cable),  it  was  compared  with  the  more  usual  cable  in  Brazil,  the 
DD-G  (Cable  with  filled  jelly  core  to  install  in  ducts). 

2. 1 . 1  Dimensional. 

The  next  graphs  shows  the  dimensional  differences  between  the 
NC  and  DD-G  in  several  configurations. 


DIAMFTFR 
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■  DD-G 

□  new  CABLE 


Fibers 


The  co  (specific  weight)  depend  on: 

•  Cable  diameter. 

•  Cable  weight. 


2.  Development  of  New  Cable 

In  order  to  get  the  best  performance,  the  cable  was  projected  take 
into  account  the  following  characteristics: 

•  Small  Weight 

•  Small  Specific  Weight 

•  Small  Friction  Coefficient. 

•  Large  Stiffness. 

•  Large  drag  force. 

A  loose  tube  dry  core  cable  was  used  to  reach  a  minimal  cable 
diameter  and  weight.  We  had  also  applied  a  outer  jacket  material 
with  dimensional  variation  along  the  cable  length  in  order  to 


Figure  5.  Comparative  diameters  values  between 
DD-G  and  NC. 
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Figure  6.  Comparative  mass  values  between  DD-G 
and  NC. 
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2.1.2  Stiffness 

When  the  cable  is  crossing  a  duct  can  occur  loss  speed  because  of 
the  curves  or  pressure  variation.  In  this  moment  the  cable  suffer 
compress  forces  that  buckle  it.  When  it  occurs,  the  cable  is 
pressed  against  the  duct  wall,  raising  the  friction  cable-ducts.  The 
cable  stiffness  must  be  sufficient  to  avoid  this  effect. 

For  this  reason  it  was  compared  the  stiffness  of  NC  with  DD-G  in 
the  same  configuration  (72  fibers).  In  order  to  make  this 
comparison  it  was  used  method  that  sag  a  clamped  cable, 
according  to  IEC  60794-1-2  /  1999,  see  the  Figure  7. 


The  stiffness  is  calculated  by  this  expression: 

B  =  F  .  L3  /  3  .  S 

Where, 

•  B:  Stiffness  of  the  cable. 

•  F:  Applied  force. 

•  S:  Sag  of  the  cable. 


2.1.3  Friction. 

It  is  the  most  important  factor  that  influence  the  installations.  The 
NC  was  tested  according  to  BELLCORE  TR  NWT  000356 
standard  that  define  the  friction  between  cable-duct.  Figure  8 
shows  the  scheme  used  in  friction  test  according  to  Bellcore 
standard. 


Figure  8.  Friction  scheme  test. 


The  coefficient  of  friction  is  calculated  by  this  expression: 

ju  =  Ln  (F  /  N)  /  0 

where, 

•  ju:  Friction  coefficient. 

•  F:  Load  of  pulling 

•  N:  Mass  that  must  be  pulled 

•  0  :  Angle  of  duct  around  reel 


3  Field  Tests 

The  NC  was  tested  in  several  conditions,  always  comparing  with 
a  usually  cable,  the  DD-G.  The  ducts  used  in  these  tests  were: 
40mm  of  external  diameter,  34mm  of  internal  diameter  and 
corrugated  internal  surface.  The  air  compressor  used  was  with 
lObar  (1  MPa). 

3.1  Circuit  1 

The  Figure  9  shows  the  circuit  draw  where  there  are  several 
curves. 


The  Figure  10  shows  the  slopes  of  circuit  1. 


0  500  1000  1500  2000  2500  3000 


1  Length _ _ _ _ 

Figure  10.  Circuit  1  profile. 

The  Photo  1  shows  the  place  where  was  made  the  tests. 
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The  Figure  12  shows  the  profile  for  each  400m. 


Photo  1.  Local  Picture  of  the  tests 


In  this  circuit  were  performed  it  was  made  the  tests  with  different 
lengths  of  the  ducts;  2000m,  2500m  and  3000m. 

3.2  Circuit  2 

This  test  was  performed  in  a  circuit  according  to  Figure  11.7  laps 
were  rolled  up  with  a  total  duct  length  of  3000m. 


"\  7 


L=100m 


Total  Length=3000m 


Reels 


Figure  1 1 .  Scheme  of  Circuit  1 


In  each  middle  of  side  was  put  a  reel  about  1 ,5m  of  height  to 
simulate  slope  a  long  of  circuit,  it  was  used  to  see  the  effects  of 
the  slopes  in  the  installation(see  Photo  2) 


Photo  2.  Detail  of  the  Reel  in  the  Circuit  2 


gRQElLE-QE-CIRCUIT 


length 


Figure  12.  Profile  for  each  400m. 


The  Photo  3  shows  a  detail  of  comer. 


Photo  3.  Detail  of  corner  in  circuit  2. 


4.  Results  and  Discussions. 

The  results  of  the  field  experiments  showed  a  superior 
performance  of  the  NC  when  compared  with  DD-G.  This  better 
performance  is  associated  with  a  optimized  design,  low  friction 
coefficient  and  high  stuffiness,  as  showed  in  table  1 . 


Table  1.  Results  of  Comparative  Analysis 


i  Characteristic 

DD-G  72F 

NC72F 

fe  Diameter(mm) 

12.4 

12 

Weight  (kg/km) 

128 

110 

Stiffness  (N.m2) 

2.56 

2.86 

|  Coefficient 
i;'  Friction 

0.20 

0.16 

Table  2.  Results  of  Ci 

rcuit  1 

DD-G  72F 

NC  72F 

Average  Speed 
(m/min) 

- 

25(0.42m/s) 

!;■.  Max.  Length 
(3000m) 

150 

3000 
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|  . - . YT 

DD-G  72F 

NC  72F 

1  Average  Speed 
It  (m/min) 

30(0.50m/s) 

40(0.67m/s) 

|:iMax.-  Length  - 
1  (250flm) 

1500 

2500 

DD-G  72F 

NC  72F 

Average  Speed 
!  (m/min)  . 

45 (0.7 5 m/s) 

50(0.83m/s) 

1  Max.  Length 
f  (2000m) 

2000 

2000 

Table  3.  Results  of  Circuit  2 


DD-G72F 

1  (aj/miii) 

9.32(0. 15m/s) 

28.95(0.48m/s) 

Max,  Length 
!  (3000m) 

466 

3000 
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The  results  for  circuit  test  given  in  table  2  showed  that  the  NC 
reach  the  maximum  lengths  in  all  situation.  For  DD-G  ,  the  results 
showed  that  above  2000  m  max  length,  the  performance  decrease 
significantly.  The  better  installation  speed  for  NC  was  observed 
due  mainly  smaller  dimensional  values  of  NC.  With  2000m,  the 
new  cable  maintains  an  average  speed  near  of  the  maximum, 
50m/min  (0.83m/s). 

The  results  of  the  circuit  1  and  2  showed  that  for  maximum, 
length  between  2500  and  3000  m,  DD-G  cable  present  poor 
performance  associated  with  a  low  blowing  force,  low  cable 
stiffness  and  high  coefficient  friction. 


5.  Conclusion. 

We  noted  that  the  cable  stiffness  and  the  cable  density  were 
important  to  reach  a  maximum  installation  speed  and  length.  We 
installed  these  cables  and  made  some  laboratory  tests  in  order  to 
define  the  best  design  of  the  cable’s  surface  to  increase  the 
blowing  force.  The  cable  stiffness  was  also  evaluated  because  of 
its  importance  of  the  pushing  force  caused  by  driving  wheels  at 
inlet  of  duct.  The  installation  of  the  cable  in  real  conditions  was 
made  by  landing  ducts  over  the  ground.  Along  the  circuit  the 
ducts  were  exposed  to  many  windings  and  different  levels  of 
terrain.  In  this  paper  we  showed  in  the  results  of  tests  the  different 
performances  between  NC  in  relation  to  DD-G  cable.  This  better 
performance  reflect  directly  in  the  configuration  of  system,  for  the 
NC  allows  to  construct  larger  distances  between  splices. 

Other  benefits  that  NC  provide  in  a  blowing  installation  are: 

•  Larger  productivity. 

•  Smaller  time  in  splice  services 

•  Smaller  costs  to  implantation. 


[5]  4W.  Griffioen,  “The  Installation  of  conventional  Fiber-Optic 
cables  in  Conduits  Using  the  viscous  Flow  of  Air  “,  Journal  of 
Ligthwave  Technology  ,  vol.7  no  2,  Feb.  1989. 
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Abstract 

We  have  newly  developed  premise  cables  for  MTRJ  connector. 
First,  we  developed  floor  cables  and  patch  cord  with  0.75  mm  pitch 
2-fiber  ribbon.  As  for  floor  cables,  two  thin  steel  wires  are  arranged 
in  this  cable  in  consideration  of  pulling  tension  when  it  is  installed. 
We  prepared  two  types  of  floor  cables,  one  of  these  is  cable  with 
2-fiber  ribbon,  and  the  other  is  cable  with  2-fiber  ribbon  cord.  All 
of  the  cables  we  developed  have  excellent  optical  transmission 
characteristics  and  mechanical  characteristics. 

Next,  we  developed  backbone  cables  with  0.75  mm  pitch  2-fiber 
ribbons.  The  cables  are  slotted  rod  structure.  Maximum  of  25  2- 
fiber  ribbons  can  be  stacked  in  the  slots.  In  consideration  of  the 
installation  to  and  removal  from  congested  places,  the  cable  has 
special  low-friction  sheath  material.  The  cables  have  excellent 
optical  transmission  characteristics  and  mechanical  characteristics. 

These  cables  are  suitable  for  MTRJ  connector.  Simple  and 
inexpensive  premise  networks  can  be  constructed  by  using  these 
cables  and  MTRJ  connector. 

Keywords 

Optical  fiber  cable;  optical  fiber  cord;  optical  fiber  ribbon;  Premise 
cable 

1.  Introduction 

Recently,  the  requirement  of  high  speed  LAN  with  optical  fiber  is 
increasing.  As  for  conventional  optical  premises  system,  simplex 
cord  with  single  fiber  and  SC  (or  ST)  connector  is  usually  used. 
However,  as  for  such  systems,  two  simplex  cords  (one  for  the 
transmitting  side  and  the  other  for  the  receiving  side)  have  to  be 
necessary  for  one  computer  terminal.  From  the  viewpoint  of 
compactness  and  economics,  we  developed  cables  with  0.75  mm 
pitch  2-fiber  ribbons.  These  cables  are  suitable  for  MTRJ  connector. 
Therefore,  simple,  inexpensive,  and  downsized  premise  networks 
can  be  constructed  by  using  these  cables. 

2.  0.75mm  pitch  2-fiber  ribbon 

First  we  developed  0.75  mm  pitch  2-fiber  ribbon.  Figure  1  shows 
the  cross  section  of  the  2-fiber  ribbon.  The  width  is  1.1  mm  and  the 
thickness  is  0.4mm,  which  is  almost  the  same  dimension  of 
conventional  4-fiber  ribbon.  We  made  three  types  of  ribbons,  SM 
type,  50/125  GI  type  and  62.5/125  GI  type. 

The  ribbon  has  special  structure  whose  two  0.25  mm  coated  fibers 
does  not  contact  with  each  other.  So,  we  did  mechanical  test  and 


heat  cycling  test  to  confirm  the  eligibility  of  this  ribbon.  Table  1 
shows  the  mechanical  characteristics  of  the  ribbon,  such  as  lateral 
pressure,  bending  and  twisting.  Figure  2  shows  the  result  of  the 
heat  cycling  test.  These  results  show  that  the  newly  developed 
0.75  mm  pitch  2-fiber  ribbon  has  almost  the  same  characteristics 
as  conventional  0.25  mm  pitch  2-fiber  ribbon. 

Ribbon  material 


Fig.1  Optical  fiber  ribbon 


Tablel.  Mechanical  characteristics  of 
the  2- fiber  ribbon 


Test  Result 

Test  Item 

Condition 

0.75mm  Pitch 

2- fiber  Ribbon 

Conventional 
4-fiber  Ribbon 

Lateral  Pressure 

490N/100mm 

<0.05dB 

No  mechanical 
damage 

<0.05dB 

No  mechanical 
damage 

Bending  Test 

R=10mm, 

10  times 

<0.05dB 

No  mechanical 
damage 

<0.05dB 

No  mechanical 
damage 

Twisting  Test 

Pitch=20mm, 

lOtimes 

No  mechanical 
damage 

No  mechanical 
damage 
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Figure  4.  Patch  cord  structure 


Figure  2.  Result  of  the  heat  cycling  test 

We  then  examined  strippability  of  the  ribbon.  The  ribbon  could  be 
easily  stripped  into  two  glass  fibers  by  using  a  conventional 
ribbon  jacket  stripper.  Figure  3  shows  the  side  view  of  the  ribbon 
after  the  jacket  was  stripped.  There  is  no  residue  of  the  coating 
material  on  the  glass  fibers,  and  the  ribbon  coating  is  cut 
completely  in  the  position  where  the  edge  was  inserted. 


Figure  3.  The  side  view  of  the  ribbon  after  the 
jacket  stripped 


Table  2  summarizes  the  mechanical  characteristics  of  the  patch 
cord.  Almost  no  loss  increase  is  observed  at  the  tensile  strength  of 
100N.  As  for  compression  characteristics,  almost  no  loss  increase 
is  observed  at  the  load  of  490N/100  mm.  Therefore,  the  cord  has 
almost  the  same  mechanical  characteristics  as  the  conventional  2.8 
mm  cord  with  0.9  mm  coated  fiber.  Besides,  the  cord  has  passed 
the  JIS-C  3005  horizontal  flame  test. 


Table  2.  Mechanical  characteristics  of  the 
patchcord 


Test  Item 

Condition 

Test  Result 

Tensile  Test 

100N 

<0.05dB 

No  mechanical 
damage 

Lateral  Pressure 

490N/100mm 

<0.05dB 

No  mechanical 
damage 

Frame  T est 

J1S  C3005 
Horizontal 

Pass 

3.  Premise  cables  for  MTRJ  connector 

3.1  Patch  cord 

We  then  developed  patch  cord  with  the  0.75mm  pitch  2-fiber  ribbon 
for  MTRJ  connector.  Figure  4  shows  the  cross  section  of  the  patch 
cord.  The  outer  diameter  is  2.8  mm.  The  patch  cord  is  used  for 
inside  the  patch  panel  and  used  as  interconnection  cable  from  outlet 
to  desk.  As  for  the  jacket  material,  we  can  use  either  PVC  or 
halogen-free  material  for  the  sheath  of  the  cord.  In  this  development, 
we  adopted  halogen-free  material  for  them  from  the  viewpoint  of 
environmental  protection. 
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3.2  Floor  cables 
3-2-1.  Cable  structure 

We  prepared  two  types  of  floor  cables,  one  of  these  is  a  cable  with 

2- fiber  ribbon,  and  the  other  is  a  cable  with  2-fiber  ribbon  cord. 
Figure  5  shows  the  cross  section  of  the  floor  cables.  These  floor 
cables  have  two  steel  wires  are  arranged  in  the  sheath  in 
consideration  of  pulling  tension  when  the  cable  is  installed  to 
conduit  or  floor  duct. 

3- 2-1-1.  Floor  cable  with  2-fiber  ribbon 

The  former  type  cable  is  less  expensive  structure  than  the  later,  but 
the  application  is  limited  to  the  place  where  the  connector's  tensile 
strength  is  not  so  required.  Therefore,  the  floor  cable  with  2-fiber 
ribbon  is  suitably  used  as  interconnection  cable  from  the  patch  panel 
to  the  outlet  where  the  connectors  are  seldom  plugged  in  and  out. 

Figure  5-1  shows  the  cross  section  of  the  2-fiber  ribbon  type 
cable.  The  cable  has  very  thin  diameter.  The  width  is  about  3.8 
mm,  and  the  thickness  is  about  1.8  mm.  The  cable  also  has 
halogen-free  flame  retardant  material.  The  2-fiber  ribbon  can  be 
taken  out  from  the  cable  easily  by  tearing  the  sheath. 

3-2-1-2.  Floor  cable  with  2-fiber  ribbon  cord 

The  floor  cable  with  2-fiber  ribbon  cord  is  suitable  for  direct 
connection  cable  from  the  patch  panel  to  the  desk.  We  prepared  two 
types  of  2-fiber  ribbon  cord  cables,  one  is  encapsulated  type  cable, 
and  the  other  is  edge-bonded  type  cable. 

A)  Encapsulated  type  cable 

Figure  5-2  shows  the  cross  section  of  encapsulated  type  cable. 
Optical  cord  with  the  0.75  mm  pitch  2-fiber  ribbon  and  two  thin 
steel  wires  are  arranged  and  sheathed  with  jacket  material.  The 
width  is  about  6.5  mm,  and  the  thickness  is  about  4.0mm.  The 
cable  also  has  halogen-free  flame  retardant  material.  The  optical 
cord  can  be  taken  out  from  the  cable  easily  by  tearing  the  sheath. 

B)  Edge-bonded  type  cable 

Figure  5-3  shows  the  cross  section  of  edge-bonded  type  cable. 
Optical  cord  part  with  the  0.75  mm  pitch  2-fiber  ribbon  and  two 
coated  steel  wire  parts  are  bonded  with  bridges.  The  width  is  about 
6.4  mm,  and  the  thickness  is  about  2.8  mm.  The  cable  also  has 
halogen-free  flame  retardant  material.  The  cord  part  can  be  easily 
separated  from  the  cable. 


Halogen  free  flame  retardant 

„  ,  .  sheath  material 

Steel  wire 


2 -fiber  ribbon 

Figure  5-1  Floor  cable  with  2 -fiber  ribbon 

Halogen  free  flame  retardant 

„  ,  .  sheath  material 

Steel  wire 


2 -fiber  ribbon 
cord 

Figure  5-2  Floor  cable  with2-fiber  ribbon  cord 
(Encapsulated  type) 


Figure  5-3  Floor  cable  with  2 -fiber  ribbon  cord 
(Edge-bonded  type) 


Figure  5.  Floor  cables 
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3-2-2.  Lateral  pressure  characteristics  of  the  edge- 
bonded  type  cable 

Because  of  its  simple  structure,  the  edge-bonded  type  cable  is  less 
expensive  than  the  encapsulated  one.  However,  it  is  obvious  that  the 
edge-bonded  type  cable  is  inferior  to  the  encapsulated  type  cable  in 
mechanical  characteristics,  especially  in  lateral  pressure.  So,  we 
investigated  the  cable  structure  to  improve  the  lateral  pressure 
characteristics. 


the  dqetis  14  mm.  The  duct  has  4  bends  with  140  mm  radius.  The 
^cables  are  squeezed  in  a  mock  duct  and  monitored  the  optical  loss 
/  change.  Then  the  cables  are  exposed  to  high  and  low  temperature. 
Figure  8  shows  the  changes  in  optical  losses  of  the  cables  during 
the  test.  Almost  no  loss  increase  was  observed  over  the  test.  These 
results  indicate  that  the  cables  are  suitable  for  installation  to  floor 
duct  or  conduit. 


Table  3.  Tensile  characteristics  of  the 
floor  cables 


Floor  cable 

Floor  cable  with  2-fiber 
ribbon  cord 

with  2 -fiber 
ribbon 

Encapsulated 

type 

Edge- 

bonded  type 

Condition 

200N 

200N 

200N 

Loss 

Increase 

<  0.05dB 

<  0.05dB 

<0.05dB 

Fiber  Strain 

<0.3% 

<0.3% 

<0.3% 

Edge-bonded  type  cable:  A,B,C,D 
Strength  member  part  hei  ght 
A  <B <C<  D 


Figure  6.  Relationship  between  the  lateral 
force  and  the  loss  increases  of  Floor  cables 


We  prepared  four  kinds  of  cables.  The  size  of  the  coated  steel  wire 
part  is  varies  in  these  cables.  Figure  6  shows  the  relationship 
between  the  lateral  force  and  the  loss  increases  of  these  cables.  The 
lateral  pressure  characteristics  strongly  depend  on  the  height  of  the 
coated  steel  wire  part.  The  test  result  indicates  that  the  lateral 
pressure  characteristics  of  the  edge-bonded  type  cable  can  stand 
comparison  with  that  of  the  encapsulated  type  cable,  by  optimizing 
the  steel  wire  part  dimension. 

3-2-3  Installation  characteristics  of  the  floor  cables 

As  mentioned  above,  these  floor  cables  have  two  steel  wires  in  the 
jacket.  So,  it  is  expected  that  these  cables  have  sufficient  strength 
for  the  pulling  or  squeezing  stress  in  cable  installation.  Table  3 
shows  the  result  of  the  cable  tensile  test.  The  fiber  strain  is  under 
0.3%  at  the  tensile  strength  of  200N,  and  no  loss  increase  was 
observed.  We  then  investigated  the  cable  squeezing  test.  That  is 
modeled  after  the  cable  installation  into  bending  duct.  Figure  7 
shows  the  test  method  of  the  squeezing  test.  The  inner  diameter  of 


14mm  in 


Figure  7.  The  test  method  of  the 
squeezing  test 
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0.41 


0.3 


Initial  +20  -10  +60  -10  +60  -10  +60 

Squeezing 

Under 

Squeezing 

Figuer8.  The  changes  in  optical  losses  of  the 
cables  during  the  test 


3-2-4.  Mechanical  and  transmission  characteristics  of 
these  floor  cables 

Table  4  summarized  the  other  mechanical  characteristics  such  as 
impact,  twisting,  and  bending  test,  and  temperature 
characteristics.  The  cables  we  developed  have  excellent  optical 
transmission  characteristics  and  mechanical  characteristics. 
Besides,  the  cord  has  passed  the  JIS  C3005  inclined  flame  test. 

Table  4.  Mecanical  characteristics  of  the 
floor  cables 


Table  4-1  Floor  cable  with  2-fiber  ribbon 


Test  Result 

Test  Item 

Condition 

SM 

GI  50/125 

GI  62/125 

Initial 

Transmission 

Loss 

<0.30dB/km 

@1.55um 

<1.0dB/km 
@1.3  um 

Impact  T  est 

Load  :  1kg 
Height :  0.3m 

Loss  <0.1  dB 

Loss  <0.1  dB 

Twisting  Test 

Length:  lm, 

90  Degree 

Loss  <0.1  dB 

Loss  <0.1  dB 

Bending  Test 

R=30mm, 

lOtimes 

Loss  <0.1  dB 

Loss  <0.1  dB 

Temperature 

Characteristics 

-10C/+60C 

Loss  increase 
<0.1dB/km 

Loss  increase 
<0.3dB/km 

Table  4-2  Floor  cable  with  2-fiber  ribbon  cord 


Test  Result 

Test  Item 

Condition 

SM 

GI  50/125 

GI  62/125 

Initial 

Transmission 

Loss 

<0.30dB/km 
@1 .55um 

<1.0dB/km 
@1 .3um 

Impact  T  est 

Load  :  1kg 
Height  :  0.3m 

Loss  <0.1  dB 

Loss  <0.1  dB 

Twisting  Test 

Length:  lm, 

90  Degree 

Loss  <0.1  dB 

Loss  <0.1  dB 

Bending  Test 

R=30mm, 

lOtimes 

Loss  <0.1  dB 

Loss  <0.1  dB 

Temperature 

Characteristics 

-10C/+60C 

Loss  increase 
<0.1dB/km 

Loss  increase 
<0.3dB/km 

3-3  Backbone  cable 
3-3-1  Cable  structure 

We  also  developed  backbone  cables  with  0.75mm  pitch  2-fiber 
ribbons.  Figure  9  shows  the  cross  section  of  the  cable.  The  cable 
is  slotted  rod  structure  where  conventional  slotted  rod  for  4-fiber 
ribbon  is  used,  and  0.75  mm  pitch  2-fiber  ribbons  are  stacked  in 
the  slots.  Maximum  of  25  2-fiber  ribbons  can  be  stacked  in  the 
slots.  The  cable  sheath  is  halogen-free  flame  retardant  material. 


Figure  9.  Cross  section  of  the 
backbone  cable 
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3-3-2  Characteristics  of  the  backbone  cabie 

Table  5  summarizes  the  mechanical  characteristics  of  the 
backbone  cables.  As  for  tensile  test,  almost  no  loss  increases  are 
observed  and  the  fiber  elongations  are  under  0.2%  at  the  tensile 
strength  of  1470  N.  Concerning  compression  characteristics,  no 
loss  increases  are  observed  at  the  load  of  980  N/100  mm. 
Therefore,  the  cables  have  equal  mechanical  characteristics  as  the 
conventional  slotted  rod  cables  with  4-fiber  ribbon.  Besides,  the 
cables  have  passed  the  IEC332-3  flame  test. 


Table  5.  Mecanical  test  results  of  the 
backbone  cables 


Test  Result 

Test  Item 

Condition 

SM 

GI  50/125 

GI  62/125 

Initial 

Transmission 

Loss 

<0.30dB/km 
@1 .55um 

<ldB/km 
@1  Bum 

Tensile  Test 

147  ON 

LossO.ldB  LossO.ldB 

Strain  <0.2% 

Lateral  Pressure 

1960N/ 100  mm 

Loss  <0.1  dB 

Loss  <0.1  dB 

Impact  Test 

Load  :  1kg 
Height :  lm 

Loss  <0.1  dB 

Loss  <0.1  dB 

TwistingTest 

Length:  lm, 

90  Degree 

Loss  <0.1  dB 

Loss  <0.1  dB 

Bending  Test 

R=80mm, 

lOtimes 

Loss  <0.1  dB 

Loss  <0.1  dB 

Temperature 

Characteristics 

-10C/+60C 

Loss  increase 
<0.1dB/km 

Loss  increase 
<0.3dB/km 

4.  The  application  to  premises  network 

Figure  10  shows  an  example  of  premises  network  by  using  these 
cables.  The  patch  cord  is  used  for  inside  the  patch  panel  and  used 
as  interconnection  cable  from  outlet  to  desk.  The  floor  cable  with 
2-fiber  ribbon  is  suitably  used  as  interconnection  cable  from  the 
patch  panel  to  the  outlet.  The  floor  cable  with  2-fiber  ribbon  cord 
is  suitable  for  direct  connection  cable  from  the  patch  panel  to  the 
desk. 

These  cables  bring  about  many  advantages  in  premises  network 
by  using  MTRJ  connector  and  compact  optical  transceiver 
module.  In  the  horizontal  networks,  only  one  cable  is  necessary 


for  one  computer  terminal.  In  the  vertical  networks,  the  cable  can 
be  easily  attached  to  the  field  installable  2-fiber  connector  at  the 
floor  distributor  in  each  floor.  So,  only  one  kind  of  connector  will 
be  necessary  through  the  whole  of  the  network.  Therefore,  simple, 
inexpensive,  and  downsized  premise  networks  can  be  constructed 
by  using  these  cables. 


Figure  10.  An  example  of  premises  network  by 
using  these  cables 


5.  Conclusions 

We  newly  developed  premise  cables  with  0.75  mm  pitch  2-fiber 
ribbons  for  MTRJ  connector.  All  of  the  cables  we  developed  have 
excellent  optical  transmission  characteristics  and  mechanical 
characteristics.  The  newly  developed  cables  are  useful  for  design  of 
simple  and  inexpensive  premise  networks. 
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Abstract 

Using  halogen-free  flame-retardant  polyolefin  as  a  jacketing 
material,  we  created  prototypes  of  indoor  cables  and  aerial  drop 
cables,  which  are  used  for  subscriber-line  fiber-optic  cables.  We 
then  assessed  the  performance  of  these  prototypes.  These 
evaluations,  which  included  combustion  tests,  tests  of  optical  loss 
and  its  heat  cycle  characteristic,  mechanical  properties,  and 
workability  such  as  the  adhesion  of  tension  members,  provided 
positive  results. 

Cable  materials  require  a  fine  balance  of  flame-retardancy  and 
mechanical  durability.  For  aerial  drop  cables,  the  weather-resistant 
property  is  also  important.  The  prototype  cables  demonstrated 
excellent  characteristics,  meeting  these  requirements. 

Keywords 

Halogen  Free,  Flame  Retardant  Jacket 

Introduction 

The  demand  for  fiber-optic  cables  (indoor  cables,  aerial  drop 
cables)  is  expected  to  increase  significantly,  due  in  part  to  projects 
such  as  the  fiber-to-the  home  (FTTH)  project,  with  the  demand  for 
cable  materials  expected  to  keep  pace. 
While  PVC  is  currently  in  wide  use  in  the  manufacture  of  cable 
jackets,  other  materials  are  being  sought  that  are  both 
flame-resistant  and  environment-friendly,  given  the  increasing  use 
of  cables  in  residential  environments. 

For  this  reason,  we  investigated  the  use  of  halogen-free 
flame-retardant  material  in  cable  jackets  as  a  replacement  for 
conventional  resins.  Because  its  major  component  is  a  hydrate  of 
a  light  metal,  the  additive  in  the  halogen-free  flame-  retardant 
resin  offers  a  high  degree  of  flame-retardancy  and  also  presents  no 
health  hazards.  It  is  ecologically-friendly,  producing  no 
poisonous  gases  during  combustion  and  leaching  no  hazardous 
materials  into  ground  water  when  buried  underground. 

1.  Structure  of  cable 

Figure  1.  shows  the  structures  of  the  prototype  indoor  cables  and 
aerial  drop  cables. 

(1)  Indoor  cable 

This  cable  features  a  structure  in  which  a  00.25mm  SM-type 
optical  fiber  and  two  00.4mm  tension  member  steel  wires  are 
integrated  in  a  jacket  of  halogen-free  flame-retardant  resin 
(polyolefin-based  resin;  the  flame-resistant  agent  is  a  magnesium 
hydrate). 


(2)  Aerial  Drop  cable 

This  cable  is  composed  of  a  (j)0.25mm  SM-type  optical  fiber,  two 
())0.4mm  tension  member  steel  wires,  and  a  01. 2mm  steel  wire  that 
serves  as  a  support  wire.  Those  component  wires  are  integrated 
in  a  jacket  made  of  halogen-free  flame-resistant  resin. 


Support  wire  (01 .2mm  steel  wire) 

HFFR  resin 

00.25mm  SM  optical  fiber  J 

0  0.4mm  steel  wire  ^  y 

<  Aerial  Drop  cable  > 

Figure  1.  Structure  of  Cables 

2.  Design  of  the  jacketing  material 

Used  as  the  jacket  material  in  the  current  investigation, 
halogen-free  flame  retardant  polyolefin  has  a  high  concentration  of 
a  non-organic  component  that  serves  as  a  flame-resistant  agent. 
To  avoid  significant  reductions  in  tensile  strength,  the  composition 
of  this  material  needs  to  be  carefully  balanced  to  provide  both 
adequate  mechanical  properties  and  flame-resistance. 

We  selected  two  types  of  halogen-free  flame-resistant  resins  of 
different  composition  for  each  aerial  drop  cable  and  indoor  cable 
prototype. 

Keeping  in  mind  the  need  for  weather-resistance,  we  selected  a 
highly  durable  Ethylene  Ethyl  Acrylate(EEA)-based  material,  to 
which  carbon  black  was  added.  For  indoor  cables,  we  chose  an 
Ethylene  Vinyl  Acetate(EVA)-based  material,  placing  a  priority 
on  flame-resistance. 
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Flame-retardancy 

Flame-retardancy  was  evaluated  with  Oxygen  Index(OI)  and  a 
cone  calorimeter.  Cone  calorimeters  are  used  to  measure  the  rate 


Table  1.  Cone  calorimeter  test  results  for  each 
jacketing  material  for  cables 


of  heat  generation  and  the  amount  of  heat  generated  when  a 
specimen  of  10cm  x  10cm5  3mm-thick  sheet  is  burned  in  a 
cone-shaped  heater  (shown  in  Figure  2).  This  is  a  highly  useful 
measure  of  the  combustion  properties  of  a  specimen.  Figure  3 
and  Table  1  summarize  the  rate  of  heat  generation,  peak- top 
amount  of  generated  heat  and  the  start  time  of  combustion.  The 
test  results  indicate  that  even  specimens  of  the  same  01  value  and 
base  material  exhibit  different  combustion  phenomena. 
Specimens  A  and  C  demonstrated  long  combustion  times  and  low 
heat  generation  speed,  while  B  and  D  exhibited  significant 
combustion  heat  and  rapid  combustion.  We  made  prototype 


Cable 

Aerial  Drop  Cable 

@  Indoor  Cable  i 

Jacketing  Material 

A 

B 

C 

D 

Base  resin 

EEA 

EEA 

EVA 

EVA 

OI 

31 

35 

43 

41 

Peak  top  value  of  generated  heat(kW/m2) 

162 

274 

175 

312 

Total  heat  generation(MJ/m2) 

59 

76 

65 

67 

Combustion  start  time  (seconds) 

46 

69 

41 

60 

Residual  weight  after  combustion  (%) 

34.8 

36.6 

36.6 

44.8 

Cable  combustion  test  (JIS  C  3005) 

pass 

fail 

pass 

fail 

cables  using  materials  A-D  for  the  cable  jackets,  then  performed 

an  inclined  combustion  test  at  60°,  based  on  JIS  C  3005  (for  a 

description  of  the  test  method,  see  Figure  10.).  Then  the 

combustion  of  specimens  A  and  C  stopped  voluntarily  within  one 

minute,  while  that  of  specimens  B  and  D  failed  to  stop.  These  ^ 

test  results  indicate  that  heat  propagates  quickly  in  cables  that  have  w 

higher  rates  of  heat  generation  leading  to  more  extensive  flame 

damage.  The  behavior  observed  in  the  cone  calorimeter  tests  £ 

o 

agrees  well  with  the  actual  combustion  behavior  of  cables.  The  +jj 
cone  calorimeter  differentiates  between  actual  combustion  § 

<D 

characteristics  among  cables  of  the  same  OI  value.  Based  on  the  ^ 
test  results,  we  decided  to  use  as  jacket  material  A  for  the  aerial  ^ 
drop  cable  and  C  for  the  indoor  cable.  A  detailed  description  oi 
the  combustion  tests  of  the  cables  will  be  described  later. 
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Temperature  measurement 


T  ime  (seconds) 


Figure  2.  Schematic  structure  of  cone  calorimeter 


Figure  3.  Heat  generation  speed  for  each  jacketing 
material  for  cables 

Mechanical  performance 

We  conducted  tensile  and  stiffness  tests  on  specimens  A  and  C. 
Table  2  provides  the  test  results.  The  jacketing  material  A  for  the 
aerial  drop  cable  demonstrated  excellent  mechanical  performance, 
with  an  initial  breaking  strength  of  at  least  lOMpa,  a  breaking 
elongation  of  at  least  500%,  and  a  stiffness  temperature  of  -40°C. 

The  jacketing  material  C  contains  a  lot  of  inorganic  material. 
Using  an  inorganic  material  increases  flame-retardancy,  although 
the  inorganic  material  can  lower  mechanical  strength.  Therefore,  it 
is  necessary  to  balance  between  mechanical  properties  and 
flame-retardancy.  Nevertheless,  the  material  C  showed  a  breaking 
strength  of  at  least  lOMPa,  a  breaking  elongation  of  at  least  160% 
and  the  stiffness  temperature  was  -15°C.  The  materials 
demonstrated  an  excellent  balance  between  flame-retardancy  and 
mechanical  strength. 
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Table  2.  Initial  performance  of  each  jacketing  material 


@@@@Value  Measured  | 

Jacketing  material 

A(For  Aerial 
Drop  Use) 

C(For  Indoor 
Use) 

Yield  Point  Strength(MPa) 

7.4 

11.5 

Breaking  Strength(MPa) 

10.7 

11.5 

Breaking  Elongation(%) 

556 

160 

Stiffening  Temperature(*  ) 

-40 

-15 

O.I(Oxygen  Index/ASTM  D  2863) 
Fuming  Properties 

31 

43 

(Smoke  Density  Ds/ASTM  E  622) 
pH  of  Gases  Generated 

97 

100 

(IEC  754-2) 

4.0 

9.1 

Reliability 

The  mechanical  properties  of  the  aerial  drop  cable  jacket  are 
subject  to  degradation,  since  they  are  used  outdoors  and  are 
subject  to  the  full  range  of  weather  conditions.  We  examined  the 
resistance  of  the  material  to  attack  by  chemical  agents  such  as 
acids,  alkali,  and  oil.  Its  weather  resistance  was  evaluated  by  a 
one-year  outdoor  exposure  test  and  a  4000-hour  degradation 
acceleration  test  using  an  sunshine  weather-o-meter.  The  test 
results  are  provided  in  Table  3.  The  jacket  demonstrated 
excellent  chemical  resistance  and  weather  resistance,  retaining  full 
tensile  strength  in  all  tests. 

Table  3.  Chemical  and  weather  resistance  of 
jacket  material  (A)  for  the  aerial  drop  cable 


Item 

Retention  of  Breaking 
Elongation  after  attack 
(%) 

Temperature  attack:  100*  x48hrs. 

95 

Acid  attack:  10%  HC1  50*  x50days 

102 

Alkali  attack:  3%  NaOH  50*  x50days 

98 

Insulation  oil  attack:  50*  x50days 

96 

Sunshine  weather-o-meter  4000hrs. 

92 

One-year  outdoor  exposure 

100 

3.  Evaluation  of  prototype  cables 
Optical  loss  properties 

Table.  4  shows  the  results  of  the  evaluation  test  of  the  prototype 
cables.  Both  the  aerial  drop  cable  and  the  indoor  cable 
demonstrated  excellent  performance  in  the  initial  optical  loss  test. 
No  increase  in  optical  loss  was  observed,  even  after  the  cables 
were  subjected  to  three  heat-cycles  ranging  from  -30°C  to  70°C. 

Optical  loss  after  mounting  simulation  test 

The  temperature  dependence  of  this  performance  was  further 
investigated  in  another  heat-cycle  test.  As  shown  in  Figure  4. 
and  5,  the  aerial  drop  cable  and  the  indoor  cable  were  fixed  to 


plates  with  cleats  and  staples,  respectively,  as  they  would  be  in 
actual  use,  then  subjected  to  two  heat-cycles  ranging  from  -30°C 
to  70°C.  Figure  6.  shows  the  optical  loss  of  the  cables,  along 
with  the  patterns  of  temperature  change.  No  significant  change 
in  the  magnitude  of  optical  loss  was  observed. 


Figure  4.  Mounting  simulation  test  for  the 
aerial  drop  cable 


Twist  cables 


Figure  5.  Mounting  simulation  test  for  the 
indoor  cable 


Figure  6.  Temperature  dependence  of  optical 
loss  in  mounting  simulation  test 
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Terrperature(*  ) 


Adhesion  of  tension  member 

The  adhesion  between  the  tension  member  ((|)0.4mm  steel  wires) 
and  the  jacket,  which  is  represented  by  a  steel  wire  drawing  force, 
must  fall  within  a  proper  range  related  to  reliability  and 
workability.  Figure  7.  shows  the  measurement  method.  If  the 
drawing  force  is  no  more  than  5N/cm,  the  fluctuations  in  optical 
loss  may  pose  problems.  On  the  other  hand,  a  drawing  force 
equal  to  or  greater  than  30N/cm  impedes  any  stripping  of  the 
tension  member.  Adhesion  measurements  were  26N/cm  for  the 
aerial  drop  cable  and  19N/cm  for  the  indoor  cable,  both  falling 
within  the  appropriate  range. 


tension  member 


jacketing  material 


The  force  required  to  pull  out 
this  part  was  measured. 
Withdrawal  length:  10mm. 


Figure  7.  Measurement  of  tension  member 
adhesion 


Exposure  time  (dates) 

Figure  9.  High  temperature  and  high  humidity 
test  for  tension  member  adhesion 

Flame-retardancy 

The  flame-resistance  of  the  prototype  cables  was  measured  by  the 
JIS  C  3005  inclined  60°  combustion  test.  Figure  10.  shows  the 
measurement  setup.  In  the  test,  the  combustion  time  and 
combustion  duration  after  ignition  were  measured.  For  both  the 
aerial  drop  cable  and  the  indoor  cable,  the  fires  expired  without 
intervention  within  one  minute,  demonstrating  excellent 
flame-resistance. 


Long-term  reliability  of  adhesion  of  tension 
member  (for  aerial  drop  cables) 

We  evaluated  the  long-term  reliability  and  weather  resistance  of 
the  aerial  drop  cable.  The  cable  was  first  exposed  to  outdoor 
conditions  for  a  predetermined  duration,  then  the  change  in 
adhesion  between  the  tension  member  and  jacket  was  measured. 
The  test  results  are  shown  in  Figure  8. 

he  cable  was  found  to  be  highly  weather-resistant,  retaining 
approximately  95%  of  its  initial  adhesion  traits  after  an  exposure 
of  one  year.  We  also  performed  an  acceleration  test  conducted  at 
high  temperature  and  humidity  (70°C,  95%RH)  to  assess  the 
adhesion  between  the  tension  member  and  jacket.  The  test 
results  are  shown  in  Figure  9.  The  cable  retained  approximately 
85%  of  its  initial  adhesive  qualities  following  a  three-month 
exposure,  again  demonstrating  good  weather-resistant  properties. 


Exposure  time  (dates) 

Figure  8.  Exposure  test  for  tension  member 


In  addition,  the  UL  1581  VW-1  test  was  conducted  on  the  aerial 
drop  cable.  The  test  results  are  shown  in  Table  4.  Again,  the 
fire  expired  without  intervention,  confirming  the  cable’s  excellent 
flame-resistance. 


Figure  1 0.  JIS  C  3005  60°  inclined  combustion 

Long-term  reliability  of  adhesion  of 
flame-retardancy  (for  aerial  drop  cables) 

We  performed  the  JIS  C  3005  inclined  60°  combustion  test  and 
UL  1581  VW-1  combustion  test  on  cables  that  had  been  exposed 
for  one  year.  Fires  expired  without  intervention  in  both 
combustion  tests,  demonstrating  adequate  flame-resistance 
following  exposure. 
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Table  4.  Performance  characteristics  of  prototype  cables 


Evaluation  Conditions 

Test  Results  J 

Aerial  Drop  Cable 

Indoor  Cable 

Transmission  Loss 

OTDR 

0.34dB/km  (1.31/  ft) 
0.20dB/km  (1.55/  ft) 

0.34dB/km  (1.31/  ft) 
0.21dB/km  (1.55/  ft) 

Heat  Cycle 
Characteristics 

Temperature  Range  BO  *70  * 

Number  of  cycles  FOcycles 

Left  at  respevtive  temperatures  for 
6  hours  each 

Change  of  Loss  D'.OSdB/kmor 
lower  (1.31/  ft) 

Change  of  Loss  F.03dB/km  or 
lower  (1.55 /  ft) 

Change  of  Loss  U.03dB/kmor 
lower  (1.31/  ft) 

Change  of  Loss  F.03dB/km  or 
lower  (1.55/  ft) 

Heat  Cycle 
Characteristics  in 
mounting  simulation 
test 

Temperature  Range  B0  *70  « 

Number  of  cycles  Fcycles 

Change  of  Loss  F.03dB/km  or 
lower  (1.31/  ft) 

Change  of  Loss  F.03dB/km  or 
lower  (1.55/ ft) 

Change  of  Loss  F.03dB/km  or 
lower  (1.31/  ft) 

Change  of  Loss  F.03dB/km  or 
lower  (1.55/  ft) 

Strength  Member 
Adhering  Properties 

Length  Covered  Fcm 

26N/cm 

19N/cm 

Bending  Properties 
(IEC  794-1  Repeated 
bend) 

Bending  Radius  FOmm 

Angle  F8013 

Number  of  Cycles  FOcycles 

Change  of  Loss  U.OldB  or  lower 
(1.55/  ft) 

Change  of  Loss  O'.OldB  or 
lower(1.55/  ft) 

Lateral  Pressure 

Properties 

(IEC  794-1  Crush) 

Added  Weight  F200N/25mm 

Time  Fmin. 

Change  of  Loss  F.OldB  or  lower 
(1.55/  ft) 

Change  of  Loss  F.OldB  or  lower 
(1.55/  ft) 

Impact  Properties 
(IEC  794-1  Impact) 

Falling  Weight  F.9N 

Height  Fm 

Change  of  Loss  F.02dB  or  lower 
(1.55/  ft) 

Change  of  Loss  !J.02dB  or  lower 
(1.55/  ft) 

To, ;  ^Properties 
(IEC  794-1  Torsion) 

Sample  length  Fm 

Torsion  Condition  :  ±  906  f&ycle 

Change  of  Loss  F.OldB  or  lower 
(1.55/  ft) 

Change  of  Loss  F.OldB  or  lower 
(1.55/  ft) 

Working  Properties 
in  the  Cable 

Installation 

Cut  to  a  depth  of  10mm  with 
scissors  and  tear  with  hands. 

Good 

Good 

Flame  Retardant 
Properties 

Self-extinguishing  (UL  1581 
VW-1  and  JIS  C  3005) 

Seif-extinguishing  (JIS  ,  13005) 

Mechanical  properties 

We  measured  the  mechanical  properties  of  the  prototype  cables 
using  a  side-stress  test,  repeated  bending  test,  shock  test,  and  twist 
test.  Table  4  summarizes  the  test  conditions  and  results.  The 
results  of  all  tests  were  excellent. 

Conclusions 

We  developed  aerial  drop  cables  and  indoor  cables  with  jackets 
composed  of  halogen-free  flame-resistant  polyolefin.  These 
jackets  demonstrated  excellent  flame-  and  weather-resistant 
properties.  Excellent  mechanical  performance  was  obtained  by 
optimizing  the  composition  of  the  jacket  materials,  including  the 
resin,  and  flame-resistant  agent. 
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Abstract 

Advances  in  high  dense  fiber  systems  such  as  parallel  optical 
interconnection  technologies  and  high  capacity  ATM  switches 
have  led  to  the  development  of  a  high  fiber  count  MT  type 
connector[1]  with  two-dimensional  (2-D)  fiber  arrangement  in  a 
connector.  Fiber  count  for  this  2-D  array  MT  connector  increases 
in  multiples  of  12  or  8  up  to  a  maximum  of  60.  The  average 
insertion  loss  of  the  60-fiber  (12c  x  5r)  MT  connector^  is  0.33dB 
for  single-mode  fibers  and  0.04dB  for  multi-mode  fibers.  Return 
loss  values  are  higher  than  40dB  and  30dB  for  the  respective  fiber 
types.  The  16-  and  24-fiber  (8c  x  2r,  12c  x  2r  respectively) 
connectors  have  the  same  performance.  In  environmental  tests 
such  as  temperature  cycling,  thermal  aging,  and  humidity  aging 
test ,  loss  changes  are  less  than  0.2dB  for  single-mode  fibers  and 
0.05dB  for  multi-mode  fibers.  In  fact,  optical  performance  is  the 
same  as  conventional  MT  connector.  The  2-D  array  MT  can  be 
adapted  for  other  MT  configurations  such  as  the  multi-fiber  push- 
on/pull-off  (MPO)  [3]  and  back-plane  type  connectors.  The  24- 
fiber  MPO  connector  was  developed  with  an  average  insertion 
loss  of  0.25  dB  and  minimum  return  loss  of  50  dB  for  single¬ 
mode  fibers. 

Keywords 

MT  connector;  MPO  connector;  High  density  connection;  Optical 
and  environmental  characteristics. 

1.  Introduction 

The  escalating  demand  for  more  bandwidth  in  the  optical 
subscriber  networks  to  support  increasing  types  of  services  has  led 
to  the  development  of  very  high  fiber  count  and  dense  optical 
fiber  distribution  cables  that  require  an  economic  and  quick  way 
of  connecting  the  individual  fibers.  These  cables  commonly 
employ  fiber  ribbons  because  of  their  high  packing  density  and 
the  best  way  to  connect  them  would  be  to  use  MT  connectors. 
Also,  there  has  been  a  great  deal  of  interest  and  research  in 
parallel  optical  interconnection  for  use  in  huge  throughput 
systems  such  as  high  capacity  switching  systems  and  massive 
parallel  computers141.  The  MT  connector  can  be  employed  to 
connect  multiple  fibers  economically  and  reliably. 

Foreseeing  the  need  for  higher  fiber  counts  and  connection 
density  for  such  optical  interconnect  applications,  we  have 
developed  a  high  fiber  count  MT  type  connector  with  two 
dimensional  fiber  arrangement  in  a  connector  that  has  many  times 
the  connection  density  of  conventional  MT  connectors. 


Maximum  fiber  count  of  as  high  as  60  is  possible  with  this  2-D 
array  MT  connector.  In  this  paper,  we  first  describe  the  structure 
of  the  MT  connector,  followed  by  the  structure  and  connection 
density  of  the  2-D  array  MT.  Next,  the  method  of  production  is 
described  followed  by  results  of  optical  and  reliability  testing. 
The  structure  and  performance  of  the  24-fiber  MPO  connector  are 
then  reported  before  presenting  the  conclusion. 

2.  Structure  of  MT  Connector 

Figure  1  shows  the  structure  of  the  MT  connector.  The  MT 
connector  is  molded  from  composite  plastics  and  has  standard 
dimensions  for  accommodating  up  to  a  maximum  of  12  optical 
fibers  arranged  in  a  linear  array.  Alignment  of  the  connecting 
fiber  arrays  is  provided  by  a  pair  of  precision  diameter  metal 
guide  pins  that  fit  into  accurately  molded  guide  pin  holes  in  the 
connector.  The  connection  is  then  completed  by  securing  the 
mated  connectors  with  a  metal  clip  which  serves  to  keep  the  fibers 
in  stable  contact. 


Table  1  shows  various  variants  of  MT  connector  ferrules  that  were 
developed  from  the  original  design.  The  mini-MT  ferrule  is  a 
miniaturized  version  of  the  MT  and  can  accommodate  up  to  4 
fibers  within  an  end  face  dimension  of  4.4  x  2.5  (mm).  It  is 
developed  specifically  for  premises  optical  cabling  applications 
where  high  density  duplex  connections  are  required.  The  MT-RJ 
small  form  factor  connector[5]  uses  the  mini-MT  ferrule  to  achieve 
compact  size  for  high  density  duplex  connection  with  a  pitch  of 
0.75mm  between  fibers. 
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Table  1.  Types  of  MT  connector  ferrule 


Ferrule  types 

Mini-MT 

MT 

(IEC  60874-16) 

2-D  array  MT 

Appearance 

FI 

Fiber  count 

1,2,4 

2,  4,  8,  12 

16,  24,  60 

End  face  dimensions 
(mmxmm) 

4.4  x  2.5 

6.4  x  2.5 

Application  connector  types 

Mini-MT 

Mini-MPO 

MT-RJ 

MT 

MPO(MTP)/MPX 

MT-BP 

3.  2-D  Array  MT  Connector 

3.1  Structure 

To  increase  fiber  counts,  we  have  developed  the  2-D  array  MT 
ferrule  which  can  terminate  up  to  60  fibers  while  retaining  the 
dimensions  of  the  original  MT  connector  ferrule.  Instead  of 
restricting  to  a  single  row  across  the  ferrule  endface,  the  fibers  are 
arranged  in  2-D  fashion  with  a  pitch  of  0.25mm  such  that  a 
maximum  fiber  count  of  60,  with  limit  of  12  fibers  in  a  row 
(between  guide  pin  holes)  and  5  in  a  column,  is  possible.  Also,  by 
retaining  the  dimensions  of  the  original  MT,  the  2-D  array  MT 
ferrule  can  be  used  in  connector  designs  based  on  the  original  MT 
such  as  the  multi-fiber  push-on/  pull-off  (MPO/MPX)  and  back¬ 
plane  type  connectors. 

The  conventional  MT  connector  has  fiber  guiding  grooves  molded 
into  the  connector  to  allow  easy  insertion  of  fiber  ribbon  into  the 
fiber  holes.  In  order  to  facilitate  the  insertion  of  multiple  fiber 
ribbons,  the  guiding  grooves  are  arranged  in  a  step-like  fashion  so 
that  the  fiber  insertion  process  is  visible  from  the  ferrule  window. 

Until  now,  the  following  configuration  of  2-D  array  MT 
connectors  assembled  on  8-  and  12-fiber  ribbons  were 


successfully  developed  and  tested.  The  fiber  arrangements  are 
shown  in  Table  2  looking  from  the  connector  end-face. 

(1)  16MT  :  8  columns  by  2  rows  ;  0.25mm  pitch  between 

rows  and  columns. 

(2)  24MT  :  12  columns  by  2  rows  ;  0.25mm  pitch  between 

columns  and  0.5mm  pitch  between  rows. 

(3)  60MT  :  12  columns  by  5  rows  ;  0.25mm  pitch  between 

rows  and  columns. 

3.2  Connection  Density 

The  2-D  array  MT  has  a  connection  density  that  is  many  times 
higher  than  that  of  single  array  MT  connectors  besides  having 
greater  fiber  count  per  connector.  This  important  characteristics 
of  the  2-D  array  MT  reduces  the  space  requirements  for  fiber 
dense  interconnection.  Table  2  compares  the  fiber  count  and 
connection  density  of  the  various  types  of  MT  connector  ferrules. 
The  connection  density  of  the  60MT  is  5  times  that  of  five  12MT 
packed  together. 


Table  2.  Fiber  count  and  connection  density 


Connector  types 

Mini-2MT 

12MT 

2-D  array  MT 

Fiber  count 

2 

12 

16 

24 

60 

End-face  appearance 

i-  i 

• . • 

•  ::::::::  • 

•  ::::::::::::  • 

•  •  1 

End  face  dimensions 
W  x  H  (mm2) 

4.4  x  2.5 

6.4  x  2.5 

Connection  density 
(fiber  count/cm2) 

18 

75 

100 

150 

375 
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4.  Method  of  Production 

The  2-D  array  MT  ferrule  is  manufactured  by  transfer  molding 
from  thermoset  resin.  Figure  2  shows  the  transfer  molding 
process  flow.  First,  the  heated  upper  and  lower  mold  dies  are 
clamped  together.  Next,  pre-heated  resin  is  dropped  into  the  mold 
die.  After  the  plunger  has  pushed  the  resin  to  fill  the  mold  cavity, 
pressure  is  maintained  at  high  temperature  to  solidify  the  resin. 
Finally  after  a  period  of  time,  the  mold  is  opened  and  the  molded 
parts  are  ready. 


Placement  hole 


Figure  3-2.  Placement  hole  type  mold 


Clamp 

Drop  resin 

Fill,  Hold 

Open,  Fetch 

Plunger 


lr  FI  Upper  mold  Pi 
^  L3C 

_  "g 


-Pre-heated  resin 


K 


<=£ 


Lower  mold 


Molded  part 


5.  Performance 

2-D  array  MT  connectors  were  evaluated  for  optical  and 
environmental  performance.  The  results  are  summarized  in  Table 
3.  Detailed  tests  and  results  are  discussed  in  the  sections  that 
follow. 


Table  3.  Summary  of  test  results  for  2-D  array 
MT  connector 


Figure  2.  Transfer  molding  process 

Figure  3-1  shows  the  essential  structure  of  the  mold  design  used 
to  produce  the  original  single  array  MT  connector.  The  MT  fiber 
holes  and  guide  pin  holes  are  formed  by  the  core  pins  which  are 
placed  on  the  V-grooves  in  the  lower  mold  plate.  However,  this 
mold  design  is  applicable  only  for  single  array  MT  .  In  order  to 
produce  the  2-D  array  MT,  we  modified  the  mold  design  by 
replacing  the  V-grooves  with  a  placement-hole  structure  for 
positioning  the  core  pins.  Figure  3-2  shows  the  placement-hole 
type  mold  design.  The  micro-holes  in  this  structure  are  precision 
drilled  to  within  a  positional  error  of  less  than  0.25|im  in  order  to 
accurately  position  the  core  pins.  This  mold  design  is  much  more 
versatile  than  the  V-groove  method  for  placing  the  core  pins 
because  it  allows  multiple  rows  of  core  pins  to  be  placed  vertically. 
The  molded  connector  will  then  have  a  2-D  arrangement  of  fiber 
holes.  Moreover,  the  hole  pitch  can  be  easily  designed  as  either 
0.25mm  or  0.5mm  or  any  other  values. 


Tests 

Methods  and  Conditions 

Loss  /  Loss  dev. 

SM 

MM 

Insertion 

Loss 

Random  mating 
(avg.) 

16  MT 

0.23dB 

0.03dB 

24  MT 

0.23dB 

0.04dB 

60  MT 

0.33dB 

0.04dB 

Return  Loss 

Random  mating 

16  MT 

24  MT 

60  MT 

>40dB 

>30dB 

Durability 

500  cycles 

16  MT 

24  MT 

60  MT 

<0.20dB 

<0.08dB 

Temperature 

Cycling 

Range  :  -40  to  +75  °C 

Duration:  10  cycles 

16  MT 

24  MT 

60  MT 

<0.1 5dB 

<0.05dB 

Thermal 

Aging 

Temperature :  +85  °C 

Duration  :  240  hr 

16  MT 

24  MT 

60  MT 

<0.1 5dB 

<0.05dB 

Thermal 

Aging 

Temperature  :  -40  °C 

Duration :  240  hr 

16  MT 

24  MT 

60  MT 

<0.1 5dB 

<0.05dB 

Humidity 

60  °C  @95%RH 

Duration  :  14  days 

16  MT 

24  MT 

60  MT 

<0.20dB 

<0.08dB 

5.1  Insertion  Loss  and  Return  Loss 

The  insertion  and  return  loss  of  the  2-D  array  MT  connector 
samples  were  measured  at  a  wavelength  of  1.31|im  through 
random  mating.  Index  matching  material  was  used  at  the 
connection  point.  Average  insertion  losses  of  less  than  0.33dB  is 
achieved  for  single-mode  fibers  and  less  than  0.04dB  for  multi- 
mode  fibers.  Figure  4  and  5  shows  the  insertion  loss  histogram  of 
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Insertion  Loss  (dB) 

Q 

Figure  4.  Insertion  loss  of  60MT  connector  for 
single-mode  fiber 


Insertion  Loss  (dB) 

Figure  5.  Insertion  loss  of  60MT  connector  for 
multi-mode  fiber 

the  60MT  connector  for  10/125  pm  single-mode  and  62.5/125pm 
multi-mode  fibers.  Result  of  the  return  loss  measurements  shows 
the  2-D  array  MT  to  have  an  average  return  loss  of  about  40dB  for 
single-mode  fibers. 

5.2  Temperature  Cycling  Test 

Samples  of  60MT  connectors  were  placed  in  a  continuously 
varying  temperature  environment  to  determine  performance  over  a 
specified  operating  range.  The  insertion  loss  changes  for  12  out 
of  the  60  fibers  were  measured  every  ten  minutes  for  a  total  of  10 
cycles  of  temperature  variation  from  -40  to  70  degrees.  Figure  6 
shows  the  result  for  single-mode  samples.  The  loss  changes 
during  the  test  were  well  within  0.2  dB. 


Time  (H) 

Figure  6.  Temperature  cycling  characteristics 
of  60MT  connector 

6.  2-D  array  24-Fiber  MPO  Connector 

The  2-D  array  MPO  connector  was  developed  for  low  return  loss 
performance  and  enable  simple  and  fast  connection  without  using 
index  matching  material.  Based  on  angle  polishing  technology,  we 
have  succeeded  in  developing  the  2-D  array  24-fiber  MPO 
connector. 

6.1  Structure 

Figure  7  shows  the  structure  of  the  24-fiber  MPO  connector 
(hereafter  referred  to  as  24MPO)  .  It  has  the  same  structure  as 
conventional  MPO  connector  that  houses  the  MT  ferrule.  The 
connectors  are  aligned  by  2  guide-pins,  and  are  mated  through  an 
adapter.  The  springs  within  the  connector  housings  produce 
compression  forces  which  hold  the  connector  end-faces  mated 
tightly  against  each  other. 

The  end-face  is  angle  polished  at  8  degrees  with  fibers  protruding 
from  ferrule  end-face.  Angled  end-face  prevent  light  signals  from 
reflecting  back  into  the  transmitting  fiber.  Fiber  protrusion 
prevent  air  gap  between  fibers  when  the  connectors  are  mated. 
This  physical  contact  (PC)  between  fibers  allows  low  loss 
connection  to  be  realized  without  index  matching  material. 


Figure  7.  Structure  of  2-D  array  MPO  connector 
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Temperature  ( °C) 


6.2  Performance 

6.2. 1  Insertion  loss 

We  measured  the  insertion  loss  of  the  24MPO  connector  for 
single-mode  fiber  through  random  mating.  The  measurement  was 
conducted  at  a  wavelength  of  1.31jim  without  the  use  of  index 
matching  material.  Figure  8  shows  the  loss  histogram  for  the 
24MPO.  The  average  insertion  loss  is  0.25dB. 


Insertion  loss  (dB) 


Figure  8.  Insertion  of  24MPO  connector 


6.2.2  Return  loss 

Figure  9  shows  the  result  of  return  loss  of  the  24MPO  connector 
for  single-mode  fibers  measured  without  the  use  of  index 
matching  materials.  The  return  loss  values  are  higher  than  50dB. 
These  values  are  typical  of  PC  connectors  with  angle-polished 
ferrule  end-face.  The  fiber  to  fiber  contact  significantly  reduces 
the  back  reflection  at  the  connection  interface  due  to  Fresnel 
reflection  caused  by  the  presence  of  an  air  gap. 


6.2.3  Durability  Test 

Samples  of  24MPO  connector  were  subjected  to  continuous 
connect-disconnect  cycles  and  the  insertion  loss  changes  were 
measured  every  25  cycles  for  a  total  of  about  500  cycles.  Figure 
10  shows  the  result  of  the  loss  changes  to  be  less  than  0.2dB  for 
single-mode  fiber.  No  damage  was  observed  at  the  mating  surface. 
This  result  shows  good  repeatability  characteristics  for  the 
24MPO  connector  and  that  the  guide-pin  holes  are  reasonably 
wear  resistance  to  allow  long  term  usage. 


0  50  100  150  200  250  300  350  400  450  500 


Times 

Figure  10.  Repeated  mating  loss  characteristics 
of  24MPO  connector 

6.2.4  Environmental  test 

Three  environmental  test  were  performed  in  series  on  the  24MPO 
connector  for  single-mode  fibers.  The  thermal  aging  test  (85  °C, 
336h)  ,  the  humidity  test  (65°C,  95%RH,  336h)  and  the 
temperature  cycling  test  (-40  to  +75  °C,  42  cycles).  Figure  11 
shows  the  results.  The  loss  changes  were  less  than  0.3dB  during 
the  tests. 


0  100  200  300  400  500  600  700  800  900  1000 


Return  Loss  (dB) 


Time  (H) 


Figure  9.  Return  loss  of  24MPO  connector 


Figure  11.  Environmental  test  result  of  24MPO 
connector 
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7.  Conclusion 

A  high  fiber  count  MT  type  connector  with  2-D  fiber  arrangement 
was  successfully  developed.  This  2-D  array  MT  connector 
features  a  maximum  fiber  count  as  high  as  60,  providing  a 
connection  density  many  times  that  of  the  original  MT  connector. 
Results  of  optical  loss  measurements  and  reliability  tests  for  the  2- 
D  array  MT  connector  matches  that  of  conventional  single  array 
MT  in  delivering  good  optical  performance  and  connector 
reliability,  besides  enabling  more  throughput  per  connector.  In 
addition,  we  have  developed  the  24-fiber  MPO  connector  that  has 
good  optical  and  environmental  characteristics.  Thereby 
confirming  the  successful  application  of  the  2-D  array  MT  ferrule 
in  the  2-D  array  MPO  connector  without  using  index  matching 
materials. 

Applications  for  the  2-D  array  MT  connector  includes  connecting 
high  fiber  count  optical  cables  as  well  as  parallel  optical 
interconnection  and  other  high  dense  fiber  systems. 
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Abstract 

In  the  Japanese  fiber  optic  network,  the  splicing  density  is  very  high 
because  the  typical  cable  segment  is  very  short.  This  means  that  low 
average  splice  loss  is  important  for  constructing  long  haul  networks, 
and  carriers  have  considerable  interest  in  minimizing  fiber  splice 
loss,  especially  for  non-zero  dispersion  fiber  (NZDF)  because 
Japanese  telecommunications  carriers  have  recently  begun  installing 
NZDF  cable  for  their  new  long  haul  network  construction.  Since 
the  most  commonly  used  cable  structure  in  Japan  is  either  a  2,  4,  or 
8-fiber  ribbon  slotted  core  cable,  the  cable  segments  are  almost 
always  joined  using  mass  fusion  splicing.  One  of  the  factors 
affecting  splice  loss  is  the  mode  field  diameter  (MFD)  at  the  splice 
point  following  fusion.  By  analyzing  measurements  of  the  MFD  at 
the  splice  point  we  optimized  the  mass  fusion  splicing  program  for 
fiber  and  obtained  splicing  performance  to  be  similar  to  that  of 
G.652  fiber  ribbon. 

Keywords 

Mass  fusion  splicing  program;  Non-zero  dispersion  fiber;  Fiber 
geometry. 

1.  Background 

Although  still  lagging  behind  the  U.S.  and  most  of  Europe,  there  has 
nevertheless  been  a  rapid  growth  of  bandwidth  requirements  in 
Japan.  In  order  to  support  this  need  for  bandwidth  Japanese  carriers 
have  begun  installing  DWDM  transmission  equipment.  Although 
both  G.652  and  G.655  (and  to  a  very  limited  extent  G.653)  fibers 
can  be  used  with  the  current  generation  of  commercial  DWDM 
transmission  equipment,  a  general  consensus  has  arisen  in  Japan  that 
for  10  Gb/sec  and  the  next  generation  of  40  Gb/sec  systems,  reduced 
slope  G.655  fiber  is  the  superior  choice  of  fiber  for  new  installation. 
The  advantages  of  G.655  fiber  are  primarily  due  to  its  chromatic 
dispersion  characteristics.  However,  these  characteristics  are  created 
by  somewhat  more  complicated  index  of  refraction  profiles  than  that 
of  standard  matched  clad  G.652  fiber.  Also,  the  MFD  of  most 
G.655  fibers  are  slightly  smaller  than  G.652  fiber.  Consequently, 
there  has  been  some  concern  that  the  NZDF  fusion  splice  loss  might 
be  significantly  higher  than  for  G.652  fiber.  Further  exacerbating  the 
concern  is  the  unfortunate  (from  the  point  of  view  of  optical 
attenuation)  fact  that  in  Japan,  the  typical  fiber  optic  cable  segment 
is  very  short  (1km  to  1.5km)  resulting  in  a  large  number  of  splices 


relative  to  what  is  typically  seen  in  North  America.  This  is  the 
reason  why  splice  loss  reduction  is  particularly  important. 

The  standard  cable  structure  in  Japan  for  fiber  counts  up  to  1000 
fibers  is  a  single  slotted  core  structure  with  4  or  8-fiber  ribbons. 
Consequently  mass  fusion  splice  is  almost  always  used  for  joining 
cable  segments  during  field  installation,  although  occasionally  cable 
segments  are  joined  with  multifiber  connectors.  Because  it  is  readily 
available  and  provides  generally  acceptable  splice  loss,  the  splicing 
program  for  dispersion  shifted  G.653  (DSF)  fiber  (standard  DSF 
mode)  is  usually  used  for  NZDF  ribbon  splicing.  The  authors  have 
previously  reported  an  average  mass  fusion  splice  loss  of  0.055  dB 
at  1550nm  using  standard  DSF  mode  in  the  laboratory  [1]. 

In  this  paper  we  report  on  the  optimization  of  mass  fusion  splice 
condition  for  NZDF  ribbon  by  analyzing  the  fiber  geometric 
parameters  and  we  show  that  the  splice  loss  of  reduced  slope  NZDF 
can  be  made  comparable  to  that  of  standard  G.652  fiber. 

2.  NZD-Fiber  characteristics  and  ribbon 
geometry 

Table  1  shows  the  optical  and  geometric  characteristics  of  our 
chosen  NZDF.  We  chose  to  study  this  fiber  because  it  is  currently 
the  most  widely  deployed  type  of  NZDF,  not  only  in  Japan,  but 
worldwide.  Table  2  shows  the  geometry  of  typical  encapsulated 
ribbon  used  in  Japan. 


Table  1.  Reduced  slope  NZD-fiber  characteristics 


Parameter 

Value 

MFD  at  1550nm 

8.4+/-0.6  pm 

Cladding  diameter 

125+/-1.0  pm 

Core/clad  concentricity  error 

<  0.6  pm 

Cladding  Non- circularity 

<1.0% 

Chromatic  dispersion  (C-band) 

2.6  to  6.0  ps/nm-km 

Chromatic  dispersion  (L-band) 

4.0  to  8.9  ps/nm-km 

Dispersion  slope  at  1550nm 

<  0.05  ps/nm2-km 

Typical  attenuation  at  1550nm* 

0.202  dB/km 

Typical  attenuation  at  1625nm* 

0.208  dB/km 

ITU-T  Category 

G.655  Example  3 

*Typical  attenuation  after  cabling 
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Table  2.  Fiber  ribbon  geometry 


Ribbon  type 

Ribbon  dimensions 

2-fiber 

ribbon 

L""  ""d 

G)  .  7  mm 

4-fiber 

ribbon 

(pocq>]> 

N.-  * 

8-fiber 

ribbon 

(pocSxSo 
* - 

r 

0  .  3mm 

\l 

3.  Analysis  of  the  relationship  between 
splice  loss  and  fiber  geometry  following 
fusion  splicing 

The  fiber  geometric  parameters  most  influential  for  fusion  splice 
loss  is  the  difference  in  MFD  between  the  2  fibers  (AMFD)  and  the 
mode  field  eccentricity.  A  simple  relationship  between  MFD 
mismatch  and  single-mode  fiber  splice  loss  can  be  expressed  as:  [1] 


Loss  w  [c/6]  =  -10  log 


Awjw\ 

w2t+w2r 


f 


0) 


Where  WT  is  the  mode  field  radius  of  transmitting  fiber  and  WR  is 
the  mode  field  radius  of  receiving  fiber. 

This  theoretical  relationship  is  based  on  the  fiber  geometry  before 
splicing  and  assumes  that  the  splicing  process  causes  minimal 
perturbations  to  the  index  profile  of  the  fiber.  While  this  formula  has 
been  shown  to  apply  to  non-dispersion  shifted  single  mode  fiber 
(G.652)  as  will  be  shown  later,  it  cannot  be  simply  applied  to  NZDF 
which  has  a  more  complex  index  profile  (i.e.  dopant  concentration 
profile)  and  is  more  susceptible  to  mode  field  perturbations  during 
splicing.  Given  the  difficulties  inherent  in  deriving  a  theoretical 
relation  between  initial  MFD  mismatch  and  splice  loss  for  mass 
fusion  splicing  of  NZDF,  we  first  investigated  this  relationship  for 
single  fiber  splices. 


3.1  Analysis  of  splicing  with  single  NZDF 

In  mass  fusion  splicing,  it  is  especially  difficult  to  control  some 
aspects  of  the  process,  such  as  the  end  face  condition  of  the 
individual  fibers,  the  angle  of  the  fiber  end  face  and  the  distance 
between  the  spliced  fibers.  Accordingly,  we  decide  to  study  single 


fiber  splicing  with  NZDF  in  order  to  investigate  the  relationship 
between  splice  loss  and  fiber  geometry  after  fusion  splicing. 

We  first  studied  the  effect  of  the  splicing  process  on  MFD  and  mode 
field  eccentricity.  We  cleaved  and  respliced,  at  the  cleave  point  and 
with  the  same  orientation,  fibers  with  three  different  values  of  MFD 
in  order  to  exclude  the  effect  of  initial  MFD  mismatch  and 
misalignment.  We  then  cut  the  fiber  at  the  splice  point  and  measured 
the  fiber  geometry  and  mode  field  characteristics  at  the  fiber  end 
face  using  the  far  field  scanning  method.  The  splice  loss  was  also 
measured  using  bidirectional  OTDR. 


Table  3.  Variation  range  of  splicing  parameters 


Parameter 

Value 

Arc  duration 

4  to  1 6  sec 

Arc  power 

13  to  28 

Pre-arc  duration 

0  to  0.1  sec 

Gap  between  fibers  * 

1 1  to  34  pm 

Z  push  distance 

12  to  30  pm 

Over  lap  distance 

-10  to  30  pm 

Time  before  pull 

1  to  5  sec 

*  Actual  value 


As  a  result  of  this  examination,  we  observed  a  change  in  the  MFD 
and  eccentricity  following.  The  induced  change  in  MFD  at  1550nm 
varied  with  changes  in  fusion  arc  power  and  fusion  arc  duration, 
ranging  from  -0.09  to  +3.38  pm.  Also,  the  change  was 
asymmetrical  with  respect  to  the  left  and  right  side  of  the  spliced 
fiber.  The  eccentricity  after  splicing  was  observed  to  change  -0.3  to 
+1.2  pm  as  compared  to  the  eccentricity  before  splicing.  We 
attribute  these  changes  to  the  splicing  process  itself,  because  we 
spliced  between  the  same  fibers  with  the  same  orientation. 

Figures  1,  2  and  3  show  the  relationship  between  the  splice  loss  at 
1550nm  and  mode  field  geometry  imperfections  following  fusion 
splicing,  such  as  AMFD,  maximum  eccentricity  at  the  splice  point 
(Eccentricity)  and  the  MFD  expansion  ratio  MFDe,  where 


AMFD  = 

MFD 

(2) 

MFDAve 

MFDe  = 

MFD  A  -  MFD  B 

(3) 

Where  MFDave  is  average  of  mode  field  diameter  of  the  transmitting 
fiber  and  the  receiving  fiber,  MFDA  is  the  mode  field  diameter  after 
splicing  and  MFDB  is  MFD  before  splicing. 
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A  MFD  ratio  (%) 


Figure  1.  Correlation  between  aMFD  ratio  and  splice 
loss  at  1550nm 


Eccentricity  (urn) 

Figure  2.  Estimated  standard  deviation  of  splice 
loss  at  1550nm 


represent  the  splice  losses  in  NZDF.  In  this  case  we  need  to 
develop  a  more  accurate  formula  by  combining  equation  (1)  with 
a  linear  fit  to  the  actual  splice  loss  vs.  theoretical  loss,  as  shown  in 
Figure  4. 


Lossw[dB]=  3.9  j 


4wlwl 

-101og 

T  R  { 

7  7  "|2  f 

l 

[[Wt+wJ  Jj 

>  +  0.038 


(4) 


Theoretical  splice  loss  (dB) 

Figure  4.  Correlation  between  actual  and 
theoretical  splice  loss  at  1550  nm. 


We  see  from  equation  (4)  that  in  order  to  obtain  an  actual  splice  loss 
at  1550nm  of  <0.1  dB,  the  permissible  range  of  AMFD  ratio  is  ±6%. 
For  a  splice  loss  of  <0.2dB,  the  permissible  range  of  AMFD  ratio  is 
±10%. 


MFD  expansion  ratio  (%) 

Figure  3.  Estimated  standard  deviation  of  splice 
loss  at  1550nm 

As  the  result  of  our  analysis,  we  see  there  is  a  correlation  between 
AMFD  ratio  and  the  average  of  splice  loss,  while  the  eccentricity 
and  MFD  expansion  ratio  are  correlated  with  the  standard 
deviation  of  splice  loss. 

Although  formula  (1)  provides  reasonably  accurate  values  for  the 
splice  loss  in  G.652  fiber,  we  find  that  it  does  not  adequately 


Table  4.  Target  values  for  low  splice  loss 


Parameter 

Specification 

AMFD  ratio  at  1550nm 

+/-  6% 

Eccentricity 

<  0.8|im 

MFD  expansion  ratio  at  1550nm 

20  to  35  % 

3.2  Optimization  of  the  fusion  splice  conditions  for 
single  NZDF  splicing 

From  the  above  results,  we  see  that  it  is  possible  to  reduce  the 
splicing  loss  by  controlling  the  fiber  geometry  parameters  after 
fusion  splicing  to  the  ranges  shown  in  Table  4.  Table  5  shows  the 
permissible  range  of  each  splicing  parameter  required  to  obtain  the 
level  of  performance  shown  in  Table  4.  It  is  interesting  to  note  that 
the  final  over  lap  distance  and  pre-arc  duration  showed  no 
correlation  between  with  the  geometric  parameters  of  the  splice.  In 
principle,  this  means  it  is  possible  to  choose  any  value  within  the 
range,  such  as  -10  to  30  |im  in  the  final  over  lap  and  0  to  0.1 
seconds  in  the  pre-arc  duration. 
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Table  5.  Summary  of  optimized  conditions  for 
Single  NZDF  splicing 


Control  factor 

Optimized  range 

Total  range 

Arc  duration  (sec) 

11  to  13 

4  to  16 

Arc  power 

20  to  27 

13  to  28 

Pre-arc  duration  (sec) 

Oto  0.1 

Oto  0.1 

Gap  between  fibers  (pm)* 

27  to  34 

11  to  34 

Z  push  distance  (pm) 

12  to  30 

12  to  30 

Over  lap  distance  (pm) 

-10  to  30 

-10  to  30 

Time  before  pull  (sec) 

2  to  4 

1  to  5 

*ActuaI  value 


The  most  important  splicing  parameters  were  arc  power  and  arc 
duration,  both  of  which  show  a  strong  correlation  with  MFD 
expansion  ratio.  This  is  not  surprising  in  that  the  fusion  arc  causes 
the  diffusion  of  dopant  elements  in  the  core,  such  as  Germanium  etc. 
Figures  5  and  6  show  this  relationship. 


10  15  20  25  30 

Arc  power 


Figure  5.  Correlation  between  arc  power  and  MFD 
expansion  ratio 


4.  Mass  fusion  splicing 

There  are  several  factors  contributing  to  the  difference  in 
performance  seen  between  single  fiber  splicing  and  mass  fusion 
splicing  [4].  Among  the  more  important  factors  are  the  end  face  gap 
variation  and  MFD  expansion  ratio  caused  by  the  variation  in  arc 
characteristics  at  each  fiber  position  in  a  ribbon.  One  reason  for  this 
variation  is  that  the  outside  fibers  are  closer  to  the  fusion  arc  rod. 
Therefore,  we  expect  more  perturbation  of  the  MFD  in  the  outside 
fibers  than  inside  fibers.  However,  the  difference  of  MFD  expansion 
ratio  between  the  outside  fibers  and  the  inside  fibers  should  be 
subject  to  modification  by  adjustments  to  the  fusion  arc  power  and 
duration.  Figure  7  shows  the  correlation  between  fusion  arc 
conditions  and  the  difference  ratio  between  the  fiber  location  in  the 
4-fiber  ribbon.  In  order  to  study  these  phenomena,  we  measured  the 
geometrical  parameters  after  fusion  splicing  each  fiber  in  a  4-fiber 
ribbon.  For  this  study  we  used  4-fiber  ribbons  containing  the  same 
fiber  in  each  location.  We  have  already  seen  from  the  results 
presented  in  Table  4  that  it  is  important  to  control  the  MFD 
expansion  ratio  within  a  range  of  20  to  35%  in  order  to  obtain  low 
splice  loss. 


Arc  duration  (sec) 

Figure  7.  MFD  difference  of  fiber  position  of  4-fiber 
ribbon 


Figure  6.  Correlation  between  arc  duration  and  MFD 
expansion  ratio 


Next  we  investigated  the  relationships  between  the  fiber  geometric 
parameters  after  splicing  and  the  fusion  splice  loss,  and  between  the 
fusion  splice  conditions  and  fusion  splice  loss.  We  compared  the 
results  to  the  case  of  single  fiber  splice.  Table  6  shows  the  splice 
condition  we  varied  for  this  experiment.  As  mentioned  before,  these 
4-fiber  ribbons  use  the  same  fiber  in  each  position  in  order  to 
eliminate  any  initial  MFD  mismatch  effect. 
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Table  6.  Variation  range  of  mass  fusion  NZDF 
splicing 


Parameter 

Value 

Arc  power 

33  to  37 

Arc  duration 

10  to  20  sec 

Gap  between  fibers* 

1 6  to  42  pm 

Z  push  distance 

15  to  25  pm 

Final  overlap  distance 

0  to  10  pm 

Post  arc  duration 

0  to  10  sec 

Z  push  speed 

150  to  350  pm /sec 

Z  Pull  speed 

150  to  350  pm /sec 

*  Actual  value 


A  comparison  of  the  theoretical  curves  shown  in  Figures  1,  2  and  3 
with  the  actual  splice  loss  of  4-fiber  ribbon  is  shown  in  Figures  8,  9 
and  10.  The  theoretical  curves  in  these  figures  are  calculated  from 
the  single  splicing  results.  Figure  8  shows  all  the  data  for  the  case  of 
A  MFD  ratio  within  +/- 6%.  It  is  impossible  to  find  any  significant 
relation  between  AMFD  ratio  and  splice  loss  because  the  range  of 
variation  of  the  experimental  conditions  is  too  small.  For  the  other 
geometric  parameters,  we  obtained  similar  relationships  as  we  did  in 
the  case  of  the  single  fiber  splice  analysis  (Figures  9  and  10). 


Figure  9.  Correlation  between  splice  loss  at  1550nm 
and  Eccentricity 


MFD  expansion  ratio 

Figure  10.  Correlation  between  splice  loss  at 
1550nm  and  MFD  expansion  ratio 


-10%  0%  10%  20% 
A  MFD  ratio 

Figure  8  Correlation  between  splice  loss  at  1550nm 
and  A  MFD  ratio 


From  Figures  8,  9  and  10,  we  see  that  the  choices  of  arc  power  and 
duration  need  to  be  decided  based  on  the  number  of  fibers  being 
spliced  and  their  positions.  Figure  11  shows  the  relationship 
between  the  fusion  arc  conditions  and  the  MFD  expansion  ratio  for 
the  case  of  4-fiber  ribbon  splicing.  From  the  single  splice  results  we 
saw  that  20-35%  is  a  permissible  range  for  the  MFD  expansion 
ratio.  From  the  mass  fusion  splicing  results,  we  see  that  it  is  possible 
to  choose  an  arc  power  from  34  to  40  with  an  arc  duration  of  20 
seconds,  and  from  33  to  39  for  an  arc  duration  of  25  seconds  and 
still  meet  the  above  criteria  for  MFD  expansion  range.  In 
consideration  of  these  results,  we  chose  an  arc  power  of  36  and  an 
arc  duration  25  seconds,  close  to  the  middle  of  the  acceptable  range 
of  these  parameters.  Table  7  shows  the  results  of  the  same  analysis 
for  other  splicing  parameters.  Each  splicing  parameter  was  within 
the  permissible  range  of  optimizing  for  single  NZDF  splicing  except 
arc  power  and  arc  duration.  In  the  same  way  and  by  MFD 
expansion  ratio  base,  we  investigated  the  optimum  arc  condition  for 
2-fiber  ribbon  and  8-fiber  ribbon.  As  the  result,  arc  power  29  and 
arc  time  22  seconds  was  suitable  for  2-fiber  ribbon  and  arc  power  48 
and  arc  time  20  seconds  was  suitable  for  8-fiber  ribbon. 
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Figure  11.  Correlation  between  arc  power  and  MFD 
expansion  ratio 


Table  7.  Summary  of  optimized  condition 


Splicing  parameter 

Ribbon  splice 

Single 

splice 

4-fiber 

2-fiber 

8-fiber 

Arc  duration  (sec) 

25 

22 

20 

11  to  13 

Arc  power 

36 

29 

48 

20  to  27 

Pre-arc  duration 
(sec) 

0.1 

Oto  0.1 

Gap  between  fibers 
(pm)* 

•  35 

1 1  to  34 

Z  push  distance 
(pm) 

22 

12  to  30 

Over  lap  distance 
(pm) 

0 

-10  to  30 

Time  before  pull 
(sec) 

3 

2  to  4 

Z  push  speed 

(pm/sec) 

150 

Z  pull  speed 
(pm/sec) 

350 

*  Actual  value 


at  1625  nm  and  again  found  that  the  optimized  program  is 
significantly  better  than  the  standard  DSF  mode. 

It  should  be  emphasized  that  these  results  represent  the  results  of  a 
random  selection  of  fibers  whose  MFD  distribution  is  the  same  as 
that  of  the  parent  fiber  distribution.  We  confirmed  a  statistically 
significant  difference  at  a  level  of  99.996%  of  the  two  populations 
of  splices  (optimized  condition  and  standard  DSF  mode)  using  the 
F-test  method. 


Table  8.  Random  splicing  of  4-fiber  ribbon  (dB) 


Splice 

program 

Optimized  program 

Standard  DSF  mode 

Wavelength 

1550nm 

1625nm 

1550nm 

1625nm 

Average 

0.0418 

0.0468 

0.0638 

0.0690 

Median 

0.0370 

0.0420 

0.0588 

0.0615 

a 

0.0302 

0.0333 

0.0457 

0.0425 

Maximum 

0.155 

0.154 

0.345 

0.366 

Minimum 

0.000 

0.000 

0.003 

0.020 

Fiber  Count 

96 

96 

96 

96 

Splice  loss  at  1550nm  (dB) 


Figure  12.  Standard  DSF  mode  at  1550nm 


5.  Experimental  evaluation  of  splicing 
program  parameter  optimization 

5.1  Confirmation  of  performance  improvements 

To  verify  that  an  improvement  in  performance  could  be  obtained 
with  the  optimized  splicing  program  parameters,  we  performed 
completely  random  splicing  of  actual  factory  manufactured  cable 
using  both  the  optimized  program  and  the  standard  DSF  mode 
splicing  program.  Results  are  shown  in  Tables  8  and  9,  and  Figures 
12,  13  and  14.  As  can  be  seen,  we  have  significantly  reduced  both 
the  actual  splice  loss  and  the  standard  deviation  of  splice  loss  for  all 
ribbon  types.  In  addition,  we  measured  the  4-fiber  ribbon  splice  loss 


Splice  loss  at  1550nm  (dB) 


o 

o 

co 

© 

A 


Figure  13.  Optimized  program  at  1550nm 
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Table  10.  Estimate  total  loss  of  400km  span  (dB) 


Splice  loss  at  1625nm  (dB) 

Figure  14.  Optimized  program  at  1625nm 


Table  9.  Random  splicing  of  2  and  8  fiber  ribbon  at 
1550nm(dB) 


Splice 

program 

Optimized  program 

Standard  DSF  mode 

Ribbon  type 

2-fiber 

8 -fiber 

2-fiber 

8-fiber 

Average 

0.0408 

0.0585 

0.0525 

0.0772 

Median 

0.0340 

0.0480 

0.0463 

0.0630 

a 

0.0227 

0.0347 

0.0269 

0.0525 

Maximum 

0.116 

0.164 

0.214 

0.351 

Minimum 

0.014 

0.013 

0.014 

0.031 

Fiber  Count 

96 

80 

96 

160 

5.2  Simulation  of  total  transmission  loss 
performance  of  the  network 

Table  10  and  Figure  15  show  the  results  of  a  Monte  Carlo 
simulations  comparing  network  performance  between  the  standard 
DSF  mode  and  the  optimized  splicing  program  for  an  assumed  span 
of  400km  for  4-fiber  ribbon.  Results  indicate  a  potential 
improvement  of  6.5dB  at  1550nm  using  optimized  splicing  program. 
In  addition,  the  total  loss  at  1625nm  using  optimized  program  is 
lower  than  standard  DSF  mode  performance  at  1550nm. 


Splice  program 

Optimized 

program 

Standard  DSF 
mode 

Wavelength  (nm) 

1550 

1625 

1550 

1625 

Average  loss 

92.940 

97.091 

99.363 

102.915 

Median  loss 

92.939 

97.088 

99.355 

102.919 

a 

0.506 

0.560 

0.735 

0.735 

Maximum 

94.86 

99.34 

102.14 

105.71 

Minimum 

90.97 

94.98 

96.82 

100.04 

Simulated  points 

10,000 

10,000 

10,000 

10,000 

Splice 
density  (%) 

Ave. 

12.940 

14.062 

18.569 

18.923 

a 

0.445 

0.470 

0.586 

0.562 

40% 

30% 

£ 

120% 

x> 

g 

Ah 

10% 


1625nm 
_  Optimize  _ 

“V 

1550nm 
Optimize  “ 


1550nm 

Standard 


1625nm 

Standard 


0% 


Total  loss  (dB) 


Figure  15.  Simulated  result  of  total  loss  of  400km 
span 


5.3  Confirmation  of  simulation  results 

Table  11  shows  the  result  of  cut-back  method  measurements  of 
transmission  loss  using  actual  factory  manufactured  cable.  Splice 
spacing  is  less  than  1  km.  This  result  is  consistent  with  the  Monte 
Carlo  simulation  results. 


Table  1 1 .  Total  measured  loss  of  sample  cable 


Wavelength 

1550nm 

1625nm 

1310nm 

Standard 
DSF  mode 

25km 

7.08 

7.13 

11.43 

50km 

13.90 

13.90 

21.90 

100km 

27.50 

27.50 

43.70 

Optimized 

program 

25km 

6.23 

6.50 

10.15 

50km 

12.35 

12.90 

20.15 

100km 

24.10 

25.10 

39.50 
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6.  Conclusions 

We  studied  the  optimization  of  the  splicing  program  for  NZDF 
ribbon  based  on  and  analysis  of  fiber  geometric  parameters 
following  splicing.  We  also  investigated  the  relationship  between 
the  splice  loss  and  both  MFD  imperfections  and  eccentricity 
introduced  by  the  splicing  process.  Although  the  standard  DSF 
mode  provides  acceptable  splices  with  splice  loss  well  within 
accepted  Japanese  and  international  standards,  it  is  nonetheless 
possible  to  further  reduce  splice  loss  by  controlling  the  AMFD 
ratio,  eccentricity  and  MFD  expansion  ratio.  The  estimated 
difference  in  total  network  splice  loss  between  the  optimized 
splicing  conditions  and  standard  DSF  mode  splicing  conditions  is 
about  6.5dB  at  1550nm.  It  needs  to  be  emphasized  that  these 
results  are  from  controlled  laboratory  conditions,  and  there  is  of 
course  no  certainty  that  these  performance  differences  can  be 
realized  during  field  installation.  In  this  we  have  presented  results 
obtained  using  only  one  splice  machine.  However,  we  are  able  to 
improve  the  splicing  condition  from  analysis  fiber  geometry  after 
splicing  for  all  current  splice  machines. 
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Abstract 

Cables  with  24-fiber  ribbon  have  become  common.  Up  to  now,  a 
mass  fusion  splicer  could  only  splice  12-fiber  ribbon 
simultaneously.  To  meet  the  demand  of  high  fiber  count  cables 
with  24-fiber  ribbon  a  new  splicer  must  be  developed.  There  are 
two  major  technical  problems  to  overcome  when  developing  a  24- 
fiber  ribbon  mass  fusion  splicer.  First,  the  air  gap  distance 
between  electrodes  is  very  large.  The  arc  produced  creates  an 
uneven  distribution  of  temperature  across  all  fibers.  The  results 
are  “hot”  and  “cold”  regions  resulting  in  poor  splice  loss 
distribution.  Secondly,  difficulty  of  designing  a  compact  and 
reliable  24-fiber  ribbon  observation  system.  If  the  splicer  has  the 
same  optical  magnification  as  present  mass  fusion  splicers  for 
accurate  image  processing,  a  field  mechanism  would  be  required 
to  view  all  the  fibers.  The  splicer’s  size  would  be  larger  due  to  the 
additional  field  mechanism  assembly.  Also,  adding  such  an 
assembly  would  add  an  extra  motor  and  more  moving  parts,  thus 
reducing  reliability.  The  newly  developed  24-fiber  ribbon  mass 
fusion  splicer  provides  the  solution  of  these  two  problems. 

1.  Introduction 

In  recent  years,  the  demand  for  high  fiber  count  cables  has 
increased  substantially.  To  meet  these  needs,  and  in  order  to  make 
cables  simple  and  compact,  cables  using  24-fiber  ribbon  have 
become  common  [1].  Initially,  these  cables  contained  up  to  432 
fibers,  but  recently,  864  fiber  count  cables  have  been  deployed 
[2].  Present  mass  fusion  splicers  can  splice  a  maximum  of  12 
fibers  [3].  Therefore,  it  was  necessary  to  separate  24-fiber  ribbons 
into  12-fiber  sub-units  [4].  This  practice  is  inconvenient,  time 
consuming,  and  requires  storage  for  twice  as  many  mass  fusion 
splices  in  the  splice  closure.  As  the  cable  fiber  counts  have 
increased  to  864,  this  situation  has  become  progressively  less 
acceptable.  Today’s  field  conditions  still  require  a  mass  splicer 
that  is  small,  fast,  robust.  It  is  also  expected  to  work  in  less  than 
perfect  field  conditions.  Accordingly,  we  have  developed  a  new 
mass  fusion  splicer  capable  of  providing  low  loss  splicing  of  24- 
fiber  ribbons  with  compact  and  reliable  design  for  the  field  use. 


2.  Arc  Discharge  Surroundings 

2.1  Design  for  24-Fiber  Ribbon  Splice 

When  splicing  24  fibers  simultaneously  with  low  splice  loss,  it  is 
necessary  to  distribute  adequate  heat  across  the  entire  24-fiber  array. 
A  24-fiber  ribbon  requires  a  much  larger  electrode  gap  than  that  of 
the  present  mass  fusion  splicer  for  12-fiber  ribbon.  Unfortunately, 
this  alternation  causes  three  problems.  One  problem  is  that  the 
present  high-voltage  arc  discharge  unit  lacks  sufficient  output  power 
to  provide  enough  heat.  Therefore,  we  have  developed  a  new  high- 
voltage  arc  discharge  unit  that  produces  twice  the  amount  of  power 
as  the  discharge  unit  used  in  a  12-fiber  splicer.  This  has  been 
accomplished  in  a  production  package  the  same  size  as  the  arc 
discharge  unit  used  in  the  12-fiber  ribbon  splicer.  This  small  arc 
generation  circuit  meets  one  of  the  requirements  that  allow  the 
creation  of  a  compact  and  practical  24-fiber  splicer. 

The  second  problem  that  arises  from  the  wide  electrode  gap  is  the 
heating  distribution  imbalance  in  the  discharge  area  across  24-fibers. 
Figure  1  illustrates  the  various  isothermal  regions  produced  from 
the  wider  electrode  gap.  As  shown,  the  proper  isothermal  region  is 
insufficient  in  length  to  support  24-fiber  splicing.  Hence,  the  wider 
electrode  gap  results  in  a  heating  imbalance  across  the  24-fibers 
even  with  careful  selection  of  the  electrode  position  relative  to  the 
fibers  is  made.  In  order  to  solve  this  problem,  the  shape  of  the 
plasma  arc  has  been  deliberately  curved  and  expanded  by  altering 
materials  and  components  that  are  in  proximity  to  the  plasma  field. 
By  positioning  the  proper  materials  within  the  plasma  field,  it  is 
possible  to  achieve  the  correct  isothermal  heat  distribution  across 
the  entire  24-fiber  array,  as  shown  in  Figure  2. 

The  third  problem  with  the  wider  electrode  gap  is  potential 
instability  of  the  shape  of  the  arc  discharge.  As  the  gap  between  the 
electrodes  increases,  the  plasma  arc  shape  becomes  more  sensitive  to 
external  factors.  The  route  or  shape  of  the  plasma  field  of  ionized  air 
can  more  easily  be  disturbed  by  factors  such  as  wind  or  electrode 
contamination.  The  new  splicer  has  features 
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to  neutralize  these  factors.  For  example,  the  splicer  has  an  advanced 
wind  protector  design  to  eliminate  the  influence  of  external  air 
movement,  even  in  the  presence  of  high  wind.  In  addition,  special 
fiber  V-groove  clamps  are  utilized  which  fix  the  shape  of  the  arc  to 
avoid  the  effects  of  other  adverse  influences. 


Adequate 


Figure  1.  Straight  Arc  Discharge  with  Wide  Gap 


Adequate 

(Room  for  Fiber  Array) 


Figure  2.  Curved  Arc  Discharge  with  Wide  Gap 


2.2  Performance  of  24-Fiber  Ribbon  Splice 

The  temperature  distribution  across  the  24-fiber  array  can  be 
analyzed  by  measuring  the  melt  back  amount  of  the  fibers.  Figure  3 
shows  the  fiber  image  that  is  produce  after  a  melt  back  test  is 
performed.  The  melt  back  test  results  with  the  new  24-fiber  splicer 
are  within  the  acceptable  melt  back  range  established  for  splicing 
12-fiber  ribbon.  As  a  result  of  establishing  the  correct  isothermal 
region,  it  is  possible  to  achieve  splice  losses  consistently  below 
0.08dB  as  shown  in  Figure  4. 


Figure  3.  Melt  Back  Measurement 


Figure  4.  Splice  Loss  Results  (SMF-SMF) 


3.  Observation  System 

3.1  Requirement 

In  order  to  build  a  small  splicer  with  very  good  reliability  in  harsh 
field  conditions  the  observation  system  should  be  small  with  no 
moving  parts.  Therefore,  the  splicer  should  observe  24  fibers 
simultaneously.  The  most  desirable  observation  system  would 
incorporate  as  much  magnification  as  possible.  However, 
available  CCD  image  sensors  are  small  and  there  pixel  density  is 
limited,  therefore  they  cannot  observe  24  fibers  simultaneously  if 
the  optical  magnification  is  high.  Linking  two  CCD  cameras 
together  in  each  observation  axis  creates  a  complex  and  large 
optical  system.  Hence,  in  order  to  achieve  a  small  observation 
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system  in  a  compact  splicer,  the  optical  magnification  must  be  Figure  6  shows  the  difference  between  estimated  and  actual  splice 
slightly  less  than  optimal.  The  advantages  of  selecting  a  one  per  loss  resulting  from  the  new  optical  system  when  splicing  SMF- 

axis  CCD  system  are  its  compact  size,  durability,  and  processing  SMF.  In  this  test,  axis  offsets  of  left  and  right  fibers  before  splice 

speed.  were  increased  to  check  the  estimation  performance  of  the  splicer. 

3.2  Design 

In  order  to  observe  the  fibers  precisely  without  high  magnification, 
minimal  distortion  of  the  fiber  image  is  required.  If  the  distortion 
is  low,  image-processing  software  can  use  the  wide  area  image  as 
valid  and  accurate  data.  There  are  two  major  causes  of  fiber  image 
distortion  that  should  be  considered.  One  is  a  lack  of  precision  in 
the  lens  elements.  The  second  source  of  image  distortion  is 
uneven  strength  or  direction  of  the  illumination  light.  This  is 
important  because  the  image  processing  software  can  only  use  the 
gradation  of  the  fiber  image  light-intensity  profile  as  data.  Due  to 
the  wide  observation  area  of  the  24-fibers  (which  is  roughly  4 
times  the  size  of  the  12-fiber  image  area),  it  is  necessary  to 
develop  an  improved  light  source  to  provide  even  distribution  of 
light  over  the  entire  fiber  array.  The  light  source  consists  of  a 
LED  and  a  large  diameter  lens.  The  observation  system  structure 
is  shown  in  Figure  5.  As  the  result  of  this  development,  precise 
observation  of  all  24  fibers  is  achieved  with  a  simple  and  compact  Figure  6.  Estimated  VS.  Actual  LOSS  (SMF-SMF) 

observation  system. 

4.  Conclusions 

We  have  developed  a  new  mass  fusion  splicer  capable  of  splicing 
24  fibers  with  low  loss.  The  compact  arc  circuit  and  the 
observation  system  allow  the  splicer  to  be  lightweight  and  small, 
which  is  ideal  for  field  use.  The  simultaneous  observation  of  all 
24-fibers  provides  very  fast  splicing  time.  Productivity  for  field 
splicing  is  also  enhanced  by  the  elimination  of  the  need  to 
separate  24-fiber  ribbons  into  12-fiber  sub-units.  This  also  allows 
for  increased  splice  storage  density  in  splice  closures.  As  fiber 
counts  in  optical  cables  continue  to  increase,  the  use  of  24-fiber 
ribbons  will  come  into  even  greater  use.  Therefore,  the 
productivity  benefits  of  24-fiber  splicing  will  be  increasingly 
valued.  This  new  mass  fusion  splicer  meets  these  challenges. 


Mirror  Mirror 


Fixed  Objective  Lenses 
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400  h  352 
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Figure  5.  Observation  System  Design 


3.3  Splice  Loss  Estimation  Result 

The  estimation  algorithm  in  the  24-fiber  splicer  uses  cladding  axis 
offset  to  determine  loss  estimations.  Poor  core/clad  eccentricity  in 
the  past  was  the  major  reason  for  estimation  inaccuracies.  Today, 
telecommunication  grade  optical  fiber  is  produced  with  minimal 
core/cladding  eccentricity.  With  improvements  in  core/clad 
eccentricity,  loss  estimation  using  cladding  axis  offset  becomes 
feasible  and  accurate.  The  second  major  contributor  to  poor 
estimation  accuracy  is  core  deformation.  Luckily,  core 
deformation  trouble  can  be  avoided  with  warnings  before  splice, 
such  as  cleaved  angle  alarm  or  large  fiber  axis  offset  alarm. 
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Abstract 

Fusion  splicing  is  used  to  join  optical  fibers  with  low  splice  loss, 
low  reflection  and  long-term  stability.  One  main  quality  criterion  for 
splicing  machines  is  the  splice  loss,  which  means  that  both  the 
average  loss  and  the  deviation  of  all  loss  values  have  to  be  as  low  as 
possible. 

One  crucial  point  to  achieve  a  constant  splice  performance  is  a 
stable  fiber  heating  during  the  fusion  process.  Most  common 
splicing  machines  use  an  electric  arc  discharge  between  two 
electrodes  as  a  heat  source.  As  the  number  of  splices  increases 
during  operation,  contaminants  deposit  on  the  electrode  tips.  This 
causes  the  fiber  heating  to  become  unstable  with  the  time,  resulting 
in  a  significant  degradation  of  splice  quality. 

To  achieve  low  losses  constantly,  regular  electrode  maintenance 
intervals  are  obligatory.  However  this  is  time  consuming  and 
decreases  the  splicing  machine’s  effectiveness  significantly. 

This  paper  introduces  a  new  type  of  electrodes  with  integrated  arc 
stabilizers  that  guarantee  constant  fiber  heating  without  any 
maintenance.  These  arc  stabilized  electrodes  allow  to  extend 
maintenance  intervals  from  about  500  to  over  5000  splices,  while 
ensuring  constant  low  loss  splice  performance  over  the  whole  time. 

Keywords 

fiber;  splice;  loss;  fusion;  electrode;  arc;  stabilize;  maintenance;  heat 

1.  Introduction 

The  process  of  making  a  fusion  splice  consists  of  several  steps. 
Except  for  the  first  and  final  steps,  which  are  fiber  preparation  and 
splice  protection,  all  other  steps  are  performed  by  common 
automatic  splicing  machines  without  any  operator  interaction.  After 
inserting  the  prepared  fiber  ends,  the  machine  first  aligns  the  fibers 
cores.  When  perfect  alignment  for  an  optimum  light  transmission 
through  the  splice  is  reached,  the  fiber  heating  process  starts.  After 
reaching  the  best  temperature,  the  splicing  machine  applies  an 
appropriate  feed  to  the  fibers  [1]  and  melts  them  together.  When  the 
splice  is  finished,  the  heat  is  turned  off  and  the  splice  loss  is 
evaluated  to  make  sure  that  the  splicing  process  was  successful  [2]. 

The  main  criterion  to  consider  a  splice  to  be  good  is  its  loss.  First  of 
all  a  splicing  machine  should  produce  splices  with  a  low  average 
loss.  This  is  the  basic  prerequisite  that  enables  the  machine  to  fulfill 
today’s  acceptance  criterions  for  splice  losses  in  optical  transmission 
lines.  But  also  the  deviation  of  all  splice  losses  has  to  be  considered. 


In  addition  to  a  low  average  loss  a  small  deviation  ensures  that  only 
a  very  few  of  all  splices  exceed  the  given  acceptance  criterion.  So  a 
small  deviation  level  makes  the  splicing  machine  more  efficient, 
because  only  very  few  splices  need  to  be  repeated. 

Every  commercial  available  splicing  machine  is  designed  for  a 
certain  range  of  applications.  For  the  corresponding  purposes  nearly 
all  machines  deliver  low  losses  and  small  loss  deviations  when  they 
are  brand  new.  But  as  the  number  of  splices  increases,  the  average 
loss  and  also  the  deviation  of  the  loss  values  increase.  In  the  next 
section  this  is  investigated  in  more  detail. 

2.  Change  of  Splice  Loss  with  Operation 

Figure  1  shows  an  example  for  the  change  of  the  splice  loss 
distribution  if  a  common  fusion  splicing  machine  is  operated 
without  any  service  procedure  in  between.  Every  500  splices  the 
splice  losses  of  a  set  of  30  splices  were  measured  by  an  OTDR.  The 
resulting  loss  distributions  after  500,  1000  and  1500  splices  are 
shown  in  Figure  1. 


Loss  [dB]  °  ? 

A 


Figure  1:  Change  of  Splice  Loss  Distribution 

The  average  loss  increases  from  0.06  dB  after  500  splices  to  0.07  dB 
after  1000  splices.  Together  with  the  increase  in  deviation  (standard 
deviation  rises  from  0.04  to  0.05  dB)  this  marks  the  beginning  of 
splice  quality  degradation.  After  1500  splices  the  average  loss  has 
already  reached  0.28  dB  together  with  a  standard  deviation  of 
0.08  dB.  These  values  clearly  show  that  the  machine  needs  service 
immediately  to  continue  operation  in  a  reasonable  way. 
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It  is  necessaiy  to  consider  that  the  transition  from  an  average  of 
0.07  dB  after  1000  splices  up  to  0.28  dB  after  1500  splices  happens 
slowly  and  is  overlapped  by  the  increased  variation  of  the  single  loss 
values.  This  means,  the  decision  to  service  the  machine  if  the  splice 
results  turn  bad  is  dangerous,  because  this  point  is  often  recognized 
far  beyond  the  point  the  losses  get  bad  in  average.  Therefore  it  is 
essential  to  follow  the  recommended  service  cycles. 

3.  Reason  for  Splice  Loss  Degradation 

To  evaluate  the  reason  for  the  growing  splice  loss  in  connection 
with  an  increasing  number  of  splices  it  is  necessary  to  have  a  closer 
look  at  the  electric  arc  used  by  common  splicing  machines  to  heat 
the  fibers.  During  the  heating  phase  the  arc  bums  between  two 
electrodes.  Figure  2  shows  two  pictures  of  one  single  electrode  tip. 
The  electrode  has  been  used  for  more  than  500  splices. 


Figure  2:  Spontaneous  Change  of  Arc  Emission 

Both  pictures  show  the  electrode  tip  during  fiber  heating.  The 
picture  on  the  right  was  taken  80  ms  after  the  left  picture.  The 
brightly  glowing  arc  emission  zone  on  the  electrode  tip  is  visible. 
The  difference  between  the  two  pictures  is  that  the  location  of  the 
arc  emission  zone  is  shifted  from  the  center  of  the  tip  to  a  position 
slightly  above  the  tip.  Such  a  position  shift  happens  spontaneously 
and  only  with  electrodes  that  have  been  used  for  a  number  of 
splices. 


Figure  3:  SEM-lmage  of  unused  Electrode 

The  changed  location  of  the  arc  emission  zone  influences  the  whole 
fusion  arc.  The  arc  location  varies  slightly  and  as  well  does  the  arc 
intensity.  Therefore  the  portion  of  the  splice  heated  and  its 
temperature  are  unstable  during  the  splicing  process.  This  instability 


prevents  the  fibers  from  melting  together  in  the  desired  optimum 
way.  The  final  result  is  an  increased  splice  loss  as  shown  in  Figure 
1. 


The  reason  for  the  spontaneous  changes  of  the  arc  emission  zone 
position  are  contaminants  that  deposit  on  the  electrode  tip  with  each 
splice.  With  an  increasing  number  of  splices,  these  contaminants 
begin  to  form  a  layer  which  covers  the  electrode  tip  surface.  Figure 
3  shows  a  scanning  electron  microscope  image  of  an  electrode  tip 
that  never  had  been  used  for  splicing.  The  clean  electrode  surface 
structure  without  any  deposits  is  clearly  visible. 


Figure  4:  SEM-lmage  of  Contamination  Layer  on 
Electrode 


In  contrast  to  that  Figure  4  shows  the  tip  of  an  electrode  that  was 
used  for  200  splices.  Die  surface  is  now  covered  by  a  porous 
contamination  layer.  It  consists  of  small  spheres  that  adhere  to  the 
electrode’s  surface. 


0 

_ A _ ^ 

S 

i 

a 

X-RflV: 

0  -  10  keU 

L  i  V  £  5 

100s  Presets  100s  Remaining: 

0  s 

Real: 

1  s  21*.  Dead 

i 

i 

.*■  I 

0  ! 

J 


\ 


Li 


!k 


<  1.4 

1.740  keU 

2-1  > 

F3=  8K 

ch  184= 

4023  c t s 

Figure  5:  EDX  Analysis  of  Electrode 
Contamination  Layer 


To  find  out  the  origin  of  this  contamination  layer  its  ingredients 
were  examined  by  an  energy  dispersion  x-ray  analysis.  The  results 
are  shown  in  Figure  5.  The  silicon  and  oxygen  peaks  identify  silica 
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as  the  main  component  of  the  contamination  layer.  The  small 
wolfram  peaks  are  caused  by  the  original  electrode  material. 

This  result  suggests  the  following  explanation  for  the  origin  of  the 
contamination  layer  on  the  electrodes:  The  high  temperature  during 
the  fusion  process  evaporates  silica  from  the  fiber  surface.  A  part  of 
this  silica  deposits  on  the  electrode  tips  and  forms  a  layer  as  the 
number  of  splices  increases. 

The  silica  deposit  acts  as  an  insulator,  leading  to  randomly  spaced 
low  conducting  regions  on  the  electrode  surface.  Now  the  arc 
prefers  the  remaining  high  conductivity  regions  for  emission. 
Because  these  regions  are  randomly  spaced,  very  slight  changes  in 
arc  emission  conditions  cause  the  arc  to  choose  a  more  appropriate 
location  to  emit  from.  This  results  in  the  spontaneous  variations  of 
the  arc  emission  location,  as  shown  in  Figure  2,  with  the 
consequences  described  earlier. 

4.  Avoiding  Splice  Loss  Degradation 

Up  to  now  the  only  way  to  avoid  splice  loss  degradation  as  shown  in 
Figure  1  was  to  clean  the  electrodes  on  a  regular  basis.  Before 
cleaning,  the  electrodes  have  to  be  removed  from  the  splicing 
machine  and  afterwards  they  need  to  be  reinstalled.  Due  to  the  time 
required,  electrode  maintenance  decreases  the  machine’s 
productivity. 


Figure  6:  Common  Electrode  Cleaning  Procedure 

An  additional  point  to  be  considered  is  that  this  maintenance 
operation  is  a  manual  process.  Although  various  cleaning  tools  are 
available  (see  Figure  6),  this  means  that  the  splicing  machine 
operator  needs  training  for  removal,  reinstallation,  and  cleaning  of 
the  electrodes.  But  even  the  best  training  can  not  prevent  errors  like 
insufficient  cleaning,  damage  or  pollution  of  the  tips  by  bad 
handling,  or  incorrect  reinstallation  of  the  electrodes  after  cleaning. 
All  this  can  lead  to  splicing  results  even  worse  than  before  the 
cleaning  attempt. 

This  paper  introduces  a  new  electrode  type  for  fusion  splicers  that 
eliminates  the  need  for  electrode  maintenance  and  will  solve  all  the 
problems  related  with  it.  The  idea  was  to  attach  the  fusion  arc  to  a 


fixed  position  by  something  that  is  far  more  insensitive  to 
contaminant  deposits  than  the  electrode  surface.  The  realization  of 
this  idea  is  shown  in  Figure  7. 


Figure  7:  Electrodes  Equipped  with  Arc  Stabilizers 

Figure  7  shows  the  arcing  area  of  a  commercial  available  fusion 
splicer.  On  the  top  and  bottom  of  the  picture  a  part  of  the  v-grooves 
for  holding  the  fibers  is  visible.  In  the  center  of  the  picture,  in 
horizontal  direction  the  electrodes  are  visible  with  the  two  lenses  for 
fiber  positioning  behind  them. 

In  contrast  to  normal  fusion  splicers,  these  electrodes  are  equipped 
with  tubes  on  their  tips.  The  well  defined  circular  opening  of  each 
tube  forces  the  emitting  arc  to  stay  in  its  desired  position 
independently  of  any  contaminant  deposition  on  the  electrode  itself. 
So  with  the  arc  forced  to  stay  in  place  also  the  fiber  heating  becomes 
stable  and  finally  also  losses  become  constantly  low. 


5.  Arc  Stabilization  Effect 

The  arc  stabilizing  effect  can  be  measured  directly  by  the  setup 
shown  in  Figure  8. 


Figure  8:  Light  Emission  Measurement  Setup 

A  test  fiber  is  heated  by  the  fusion  arc  in  exactly  the  same  way  as  for 
normal  splicing.  Due  to  the  high  fiber  temperature  the  fiber  is 
beginning  to  glow  and  starts  to  emit  light.  A  fraction  of  this  light  is 
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coupled  into  the  fiber  core  and  propagates  along  the  fiber.  This 
fraction  of  light  can  be  measured  by  a  detector  diode  at  the  end  of 
the  test  fiber.  The  emitted  light  directly  corresponds  to  the  fiber 
temperature  within  the  interesting  range.  Therefore  the  power  level 
measured  at  the  fiber  end  also  directly  corresponds  to  the  fiber 
temperature.  So  this  is  a  very  easy  method  for  monitoring  the  fiber 
temperature  directly  during  the  splicing  process. 

By  this  method  the  effect  of  the  arc  stabilizers  was  investigated. 
The  measurement  was  repeated  several  times  and  the  results  are 
shown  in  Figure  9. 

No  Stabilizers  With  Stabilizers 


Time  [s]  Time  [s] 

Figure  9:  Arc  Stabilization  Measurement  Results 

The  relative  power  variation  of  the  emitted  light  is  shown  over  the 
fusion  time.  On  the  left  half  of  Figure  9  the  results  for  worn  standard 
electrodes  are  shown.  It  is  obvious  that  there  is  a  huge  variation  of 
the  fiber  temperature  between  the  different  repetitions  of  the 
measurement.  Even  during  each  single  fusion  process  the 
temperature  varies  across  a  wide  range.  This  reflects  the  unstable  arc 
conditions  that  cause  the  high,  varying  loss  values  shown  in  Figure 
1. 

The  right  side  of  Figure  9  shows  the  test  results  for  used  stabilized 
electrodes.  It  is  clearly  visible  that  the  temperature  during  each 
fusion  process  is  nearly  constant  compared  to  standard  electrodes. 
Also  the  temperature  variation  between  all  the  fusion  processes  was 
significantly  reduced.  This  shows  already  the  positive  effect  of  the 
arc  stabilizers  on  temperature  stability.  But  to  make  sure  that  this 
stable  temperature  will  also  lead  to  constant  low  splice  loss  results, 
more  than  5000  splices  with  and  without  arc  stabilizers  were  made 
and  the  results  are  compared  in  the  next  section. 

6.  Splice  Test  Results 

6.1  Test  Conditions 

The  main  focus  for  this  test  was  on  how  fiber  heating  stability 
influences  the  splice  loss.  Splicing  of  high  eccentric  fibers  is 
exceptionally  sensitive  to  unstable  fiber  heating,  because  when  such 
fibers  are  fused  together  the  surface  tension  tends  to  destroy  the  core 
to  core  alignment  that  was  established  prior  to  the  fusion  process. 
Normally  the  fusion  process  is  tuned  to  minimize  the  consequences 


of  this  self  centering  effect.  But  this  compensation  is  only  successful 
if  the  fiber  temperature  is  very  close  to  its  desired  value.  Otherwise 
the  compensation  fails,  the  cores  are  unaligned  and  the  splice  loss 
significantly  increases. 

When  splicing  two  eccentric  fibers,  the  effective  eccentricity 
depends  on  the  coincidental  orientation  of  the  concentricity  errors  of 
both  fibers.  So  to  have  a  very  strong  sensitivity  to  fiber  heating 
variations,  the  fibers  for  the  tests  were  rotated  to  have  a  core  offset 
of  at  least  1.3  pm. 

After  500  and  then  after  every  1000  splices  the  loss  was  measured 
for  sets  of  30  splices  each.  The  splices  were  measured 
bidirectionally  by  an  OTDR  to  obtain  reliable  results. 

6.2  Test  Results 

The  first  set  of  splices  was  measured  after  500  Splices.  The 
recommended  electrode  cleaning  service  was  ignored  to  investigate 
the  influence  of  the  contamination  layer  on  the  electrode  tips.  The 
corresponding  results  are  shown  in  Figure  10. 
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Figure  10:  Splice  Loss  after  500  Splices 

With  standard  electrodes  the  average  loss  of  0.06  dB  was  slightly 
higher  compared  to  arc  stabilized  electrodes  (0.04  dB).  The  standard 
deviation  of  the  loss  values  did  not  differ  significantly,  it  was  0.04 
dB  for  both  electrode  types. 

After  1500  splices  without  cleaning,  the  situation  had  changed 
completely  as  shown  in  Figure  11.  Now  the  average  loss  for 
standard  electrodes  was  0.28  dB.  Not  one  of  the  30  splices  was  able 
to  meet  a  reasonable  acceptance  criterion  like  for  example  0.10  dB. 
This  means  that  long  before  a  number  of  1500  splices  is  reached  it 
does  not  make  sense  to  continue  splicing  with  such  a  set  of 
electrodes. 

However,  with  arc  stabilized  electrodes  the  situation  looked 
completely  different.  Without  any  cleaning  the  average  splice  loss 
had  only  decreased  slightly  from  0.04  to  0.06  dB.  The  standard 
deviation  had  not  changed  at  all  and  remains  at  0.04  dB.  The  larger 
average  loss  was  caused  by  the  fact  that  10  %  of  the  30  splices  failed 
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to  meet  the  0.10  dB  acceptance  criterion.  It  will  be  explained  later  in 
this  section  how  these  bad  splices  are  eliminated. 
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Figure  11:  Splice  Loss  after  1500  Splices 

Originally,  it  was  planned  not  to  clean  the  electrodes  at  all  during 
the  whole  test.  But  after  1500  splices  the  operation  of  the  standard 
electrodes  was  so  poor  (see  Figure  11)  that  continuation  of  the  test 
in  this  way  would  not  have  delivered  any  reasonable  results  for 
standard  electrodes. 

As  a  result  the  recommended  electrode  cleaning  procedure  was 
performed  from  then  on.  That  means  that  after  every  500  splices  and 
also  before  the  set  of  splices  was  measured  the  standard  electrodes 
were  cleaned  as  shown  in  Figure  6. 

Additional  tests  have  shown  that  the  splice  loss  performance  of  the 
arc  stabilized  electrodes  can  be  enhanced  by  the  application  of  a 
cleaning  arc  every  500  splices.  The  obvious  effect  of  this 
conditioning  is  the  elimination  of  all  splices  that  exceed  0.10  dB. 
The  application  of  the  cleaning  arc  can  easily  be  integrated  in  the 
automatic  fusion  process  control  of  common  splicing  machines  and 
will  be  performed  automatically  without  any  user  interaction.  For 
the  following  tests  the  cleaning  arc  was  applied  every  500  splices 
and  therefore  also  just  before  the  set  of  splices  was  measured. 

The  results  after  2500  splices  with  the  appropriate  cleaning 
procedures  are  shown  in  Figure  12.  First  of  all  the  success  of 
cleaning  the  standard  electrodes  is  clearly  visible.  The  average  loss 
was  reduced  significantly  and  brought  the  splice  losses  back  into  a 
reasonable  range.  However  the  average  loss  of  0.08  dB  is  still  twice 
as  high  as  with  arc  stabilized  electrodes.  Also  the  standard  loss 
deviation  of  0.05  dB  is  significantly  higher  than  that  for  arc 
stabilized  electrodes  (0.02  dB). 

For  the  arc  stabilized  electrodes  the  positive  effect  of  the  cleaning 
arc  is  also  visible  in  Figure  12.  First,  the  average  loss  was  reduced 
from  0.06  down  to  0.04  dB.  Second,  splices  exceeding  the 
acceptance  criterion  of  0.10  dB  were  completely  eliminated  when 
the  cleaning  arc  was  used,  as  compared  to  Figure  11,  when  no 
cleaning  arc  was  used. 
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Figure  12:  Splice  Loss  after  2500  Splices 

This  performance  is  now  maintained  for  up  to  5000  splices  as  shown 
in  Figure  13  to  Figure  15. 
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Figure  13:  Splice  Loss  after  3500  Splices 
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Figure  14:  Splice  Loss  after  4500  Splices 


International  Wire  &  Cable  Symposium 


211 


Proceedings  of  the  49th 


9 - 


□I 

!  II 

■  With  Stabilizers  (average  0.04  dB) 

□  Cleaned  Electrodes, 

_ Without  Stabilizers  (average  0.07  dB) 

a 

If 

_ _ _ _  i 

111 . 

0  0.05  0.1  0.15  0.2  0.25  >=0.3 

Loss  [dB] 


Figure  15:  Splice  Loss  after  5000  Splices 

The  Results  in  Figure  13  to  Figure  15  show  that  the  average  loss  for 
standard  electrodes  was  slightly  higher  than  for  arc  stabilized 
electrodes.  The  main  reason  for  this  was  that  approximately  13  %  of 
all  the  splices  failed  to  meet  an  acceptance  criterion  of  0. 10  dB.  For 
the  arc  stabilized  electrodes  only  one  of  all  measured  splices  failed 
the  acceptance  criterion,  with  0.11  dB  after  5000  splices.  The 
standard  deviation  for  standard  electrodes  fell  into  the  range 
between  0.06  and  0.08  dB.  With  arc  stabilized  electrodes  the  small 
standard  deviation  of  about  0.02  dB  was  reached. 

Finally  Figure  16  shows  the  splice  performance  over  all  measured 
splice  losses.  Only  the  measured  set  of  the  30  splices  for  uncleaned 
standard  electrodes  after  1500  splices  was  ignored,  because  of  their 
extremely  poor  performance. 
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Figure  16:  Splice  Loss  over  all  Splices 

The  average  loss  of  0.07  dB  for  standard  electrodes  was  nearly  twice 
as  high  as  for  arc  stabilized  electrodes  (0.04  dB).  The  same  is  valid 
for  the  standard  deviation  which  is  0.07  dB  for  standard  and  0.03  dB 
for  arc  stabilized  electrodes. 


All  the  significant  data  for  the  measured  splice  losses  is  summarized 
in  Table  1. 


Table  1:  Summary  of  All  Splicing  Results 


Splices 

Average  Loss 

Standard 

[dB] 

Stabilized 

Standard  Devi 

Standard 

ation  [dB] 

Stabilized 

500 

0.06 

0.04 

0.04 

0.04 

1500 

0.28 

0.06 

0.08 

0.04 

2500 

0.08 

0.04 

0.05 

0.02 

3500 

0.10 

0.04 

0.08 

0.02 

4500 

0.08 

0.03 

0.06 

0.02 

5000 

0.07 

0.04 

0.08 

0.03 

overall 

0.07 

0.04 

0.07 

0.03 

7.  Conclusions 

This  paper  has  introduced  a  new  type  of  fusion  splicer  electrodes 
with  integrated  arc  stabilizers.  The  results  presented  demonstrate 
that  these  electrodes  provide  a  better  splicing  quality.  They  reduce 
by  50  %  the  average  splice  loss  and  also  the  standard  deviation 
compared  to  standard  electrodes. 

Further,  the  results  showed  that  standard  electrodes  need  to  be 
cleaned  within  the  recommended  cleaning  cycles.  Otherwise  the 
splice  performance  decreases  beyond  reasonable  limits.  Due  to  the 
fact  that  electrode  cleaning  is  a  manual  procedure  the  resulting 
cleaning  quality  is  highly  operator  dependent.  In  addition  it  should 
be  considered  that  the  necessary  electrode  maintenance  is  omitted  by 
some  operators  in  an  effort  to  achieve  higher  efficiency.  The  results 
also  showed  that  this  is  a  fallacy,  because  the  increasing  number  of 
splices  that  fail  the  acceptance  criteria  due  to  contaminated 
electrodes  will  drive  down  efficiency  even  more. 

hi  contrast  to  mechanically  cleaning  electrodes,  the  new  arc 
stabilized  electrodes  are  maintenance  free.  A  cleaning  arc,  which  is 
applied  by  the  splicing  machine  automatically,  is  sufficient  to  ensure 
continued  low  loss  splicing  for  over  5000  arcs.  Because  no  operator 
interaction  is  necessary,  the  operator  does  not  need  training  for 
electrode  maintenance  anymore. 
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Abstract 

The  termination  cabinet  for  optical  fiber  cable  has  been  developed 
with  high  density,  compact,  low  cost,  and  high  performance 
functions.  We  have  developed  a  high  density  type  termination 
cabinet  for  optical  fiber  cable  capable  of  storing  2,500  fibers 
maximum  within  a  dimension  of  780  x  2300  x  350  mm  (W  x  H  x 
D)  which  allows  maintenance  on  one  side.  The  connection  points 
in  the  optical  module  have  an  average  insertion  loss  of  0.10  dB  and 
a  return  loss  of  more  than  45  dB.  We  have  also  developed  optical 
splitter  module  connected  to  optical  module  through  the  optical 
patch  cord.  8-branching  type  has  an  insertion  loss  of  less  than 
1 1.7dB  and  a  return  loss  of  more  than  40dB.  4-branching  type  has  an 
insertion  loss  of  less  than  7.6dB  and  a  return  loss  of  more  than  40dB. 
An  important  feature  of  the  termination  cabinet  for  optical  fiber 
cable  is  that  it  can  be  customized  for  different  types  of  optical  fiber 
cable  and  network  system.  With  this  feature,  fiber  routing  can  be 
done  efficiently  within  an  optimum  space. 

Keywords 

Optical  Termination  cabinet;  Optical  module;  Optical  splitter 
module;  High  density  accommodation;  Optical  and  environmental 
characteristics. 

1.  Introduction 

Recent  years  have  seen  the  rapid  deployment  of  optical  fibers  in 
communication  access  and  subscriber  networks.  Fiber 
interconnection  and  maintenance  have  become  important  issues  in 
these  networks.  In  such  a  situation,  the  termination  cabinet  for 
optical  fiber  cable  has  become  indispensable  for  housing  large 
numbers  of  optical  fiber  access  points  interfaced  with  optical 
connectors.  To  design  a  high  density  termination  cabinet  for 
optical  fiber  cable,  it  is  necessary  to  develop  a  small 
accommodating  area  for  the  connecting  fibers.  These  units  provide 
modular  storage  for  small  number  of  fibers.  In  complex  optical 
networks,  it  is  possible  to  provide  routing  flexibility  and  efficiency 
using  suitable  optical  module  for  different  types  of  optical  fiber 
cable  and  network  system.  A  cabinet  with  optimum  size  can  be 
designed  easily  to  fit  the  various  floors  in  a  transfer  office.  In  this 
paper,  we  describe  the  high  density  termination  cabinet  for  optical 
fiber  cable  which  allows  maintenance  on  one  side,  followed  by  the 
structure  and  performance  of  optical  module  and  storage  unit  for 
optical  modules. 


2.  Design  of  Termination  Cabinet  for 
Optical  Fiber  Cable 

We  have  successfully  developed  a  termination  cabinet  capable  of 
storing  2,500  fibers  maximum  within  a  dimension  of  780  x  2300  x 
350  mm(W  x  H  x  D).  It  is  possible  to  add  units  of  the  optical 
module  or  units  of  the  storage  unit  for  optical  modules.  Height 
dimension  of  the  termination  cabinet  for  optical  fiber  cable 
depends  on  the  number  of  storage  units  for  optical  modules,  in  this 
way,  it  becomes  easy  to  design  for  optimal  dimension  according  to 
each  floor  in  the  transfer  office.  Figure  1  shows  the  structure  of  the 
termination  cabinet  for  optical  fiber  cable.  Table  1  shows  the 
specifications  of  standard  types  of  termination  cabinet. 
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Figure  1.  Structure  of  Termination  Cabinet  for 
Optical  Fiber  Cable 


To  realize  high-density  housing,  optical  fiber  cables  and  the  optical 
connectors  needs  to  be  packed  tightly  together.  At  the  same  time, 
sufficient  space  for  routing  the  optical  fiber  cable  must  also  be 
considered.  Therefore  it  is  important  to  reduce  size  of  the  optical 
module  and  manage  the  wiring  route  around  the  optical  module  to 
satisfy  the  above  requirements.  Details  of  the  optical  module  and 
the  storage  unit  for  optical  modules  will  be  discussed  further. 
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Table  1.  Specification  of  High-Density  Termination  Cabinet 


Item 

Type  for  2400  fibers 

Type  for  1200  fibers 

Type  for  800  fibers 

Fiber  capacity 

2496  fibers 

1248  fibers 

832  fibers 

Connector  Type 

SC2  connector 

SC2  connector 

SC2  connector 

Optical  modules  capacity 

156 

78 

56 

Capacity  of  storage  unit  for  optical 
modules 

{  26  modules)  unit}  416  fibers 

Number  of  optical  fiber  cables 

24 

12 

8 

Optical  fiber  cord  diameter 

1.5mm 

1.5mm 

1.5mm 

Size 

Width  780mm 

Height  2,300mm 

Depth  350mm 

Width  780mm 

Height  1,400mm 
Depth  350mm 

Width  780mm 

Height  900mm 

Depth  350mm 

Maintenance  side 

One  side 

(Front  only) 

One  side 

(Front  only) 

One  side 

(Front  only) 

3.  Structure  of  Optical  Module 

We  have  developed  the  optical  module  which  is  optimized  for  one 
side  maintenance  in  the  optical  termination  cabinet.  The  optical 
module  is  part  of  storage  area  for  the  connection  part  of  the  optical 
fiber  cable  and  the  optical  fiber  connector,  and  it  may  also  store 
passive  optical  components. 

Inside  the  optical  module,  there  are  3  (three)  parallel-divided 
storage  areas,  for  the  optical  connectors,  for  fiber  connection  points 
and  for  a  slide  length  of  excess  fiber. 

The  storage  area  for  the  optical  connectors  stores  optical  connector 
adapters  and  fiber  ribbons  with  connectors. 

The  storage  area  for  the  fiber  connection  points  stores  the  fusion 
splice  points  of  optical  fiber  cables  and  optical  modules. 

The  storage  area  for  the  slide  length  of  excess  fiber  is  a  space  for 
managing  and  storing  slide  length  of  excess  fiber  when  the  optical 
module  is  drawn  in  front  during  connection  of  optical  fiber  cords. 
Installers  can  confirm  the  wiring  condition  inside  the  optical 
module,  because  it  is  divided  with  a  semitransparent  sheet  between 
storage  areas  for  fiber  connection  points  and  a  slide  length  of 
excess  fiber.  Also,  we  have  developed  a  cap  for  the  optical 
connector  adapter  that  can  be  handled  by  hand  or  a  tool  when  the 
circuit  is  not  in  use. 

There  are  2  types  of  optical  module,  16  fibers  type  and  20  fibers 
type.  The  16  fibers  type  applies  to  2  or  8  fiber  ribbon  optical  fiber 
cable  and  the  20  fibers  type  applies  to  4  fiber  ribbon  optical  fiber 
cable.  Therefore  it  is  possible  to  accommodate  different  types  of 
fiber  ribbons  in  the  slot  structure  of  the  optical  fiber  cable. 

The  standard  optical  module  has  SPC(Super  PC  polished) 
connectors  for  10/125  ji  single-mode  fibers. 

Figure  2  shows  the  structure  of  optical  module. 


Excess  Fiber 


Fiber 

(Type  of  16  Fibers ) 

Figure  2.  Structure  of  Optical  Module 
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4.  Structure  of  Storage  Unit  for  Optical 
Modules 

The  optical  modules  are  fitted  vertically  in  storage  units  which  are 
vertically  stacked  in  the  termination  cabinet.  Fiber  ribbons  from  the 
distribution  cable  drop  in  from  above  into  each  module  and  are 
branched  out  at  the  front  ends  of  the  modules  into  connectorised 
fiber  cords.  Figure  3  shows  the  structure  of  the  storage  unit  for 
optical  modules. 

An  important  feature  of  the  storage  unit  for  optical  modules  is  the 
slide  length  method  for  managing  excess  fibers.  The  excess  fiber 
length  from  above  can  slide  automatically  in  or  out  of  the  slide 
length  partition,  when  the  optical  module  is  push  in  or  pulled  out. 
The  slide  length  is  about  40  cm  long.  The  storage  unit  for  optical 
modules  has  a  stopper,  which  can  hold  an  optical  module  to  a 
stand-by  position,  which  can  be  re-engaged  later.  Using  this 
structure,  it  is  possible  to  do  maintenance  using  the  tool  in  a 
position  fairly  ahead  from  the  storage  unit.  This  advantage  not  only 
allows  easy  maintenance  and  working  with  optical  fibers  and 
connections,  but  provides  high-level  of  circuit  protection  as  well. 
The  circuits  in  the  other  modules  are  not  affected.  Also,  it  is  easy  to 
take  out  individual  optical  fiber  cord  during  maintenance  because 
the  wiring  area  of  optical  fiber  cords  has  a  structure  that  can  be 
opened  downward. 


Figure  3.  Structure  of  Storage  Unit  for 
Optical  Modules 


5.  Performance  and  Reliability  of  Optical 
Module 

We  performed  optical  and  environmental  tests  on  the  optical 
module.  The  results  are  summarized  below. 

5.1  Insertion  Loss  and  Return  Loss 

Figure  4  and  5  shows  the  insertion  loss  result  and  return  loss  result 
of  the  optical  module.  The  optical  module  samples  were  measured 
at  a  wavelength  of  1.31  u  m.  The  module  has  an  insertion  loss  of 
less  than  0.30dB  and  a  return  loss  of  more  than  45dB. 


0.00  0.05  0.10  0.15  0.20  0.25  0.30  0.35  0.40  0.45  0.50 
Insertion  loss(dB) 

Figure  4.  Insertion  loss  of  Optical  Module 


Return  loss(dB) 

Figure  5.  Return  loss  of  Optical  Module 


5.2  Temperature  cycling  test 

Figure  6  shows  the  result  of  the  temperature  cycling  test.  The 
insertion  loss  changes  for  optical  module  were  measured  every  20 
minutes  during  a  total  of  3  cycles  of  temperature  variation  from  -20 
to  60  degrees.  The  optical  module  samples  was  measured  at  a 
wavelength  of  1.31  /x  m  and  1.55  /x  m.  The  loss  changes  during  the 
test  were  well  within  0.2dB. 
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Figure  6.  Temperature  cycling  characteristics  of 
optical  Module 


6.  Optical  Splitter  Module 

We  have  developed  the  optical  splitter  module  that  is  able  to  fit  in  the 
termination  cabinet  for  optical  fiber  cable.  The  optical  splitter 
module  includes  optical  splitters  and  optical  couplers,  and  is 
connected  to  the  optical  modules  through  optical  patch  cords. 

6.1  Structure 

Figure  7  shows  the  structure  of  the  optical  splitter  module.  The 
optical  splitter  module  features  an  expandable  body  by  stacking 
multiple  segments  to  achieve  the  required  number  of  splitters  and 
connector  ports.  There  are  contact  junctions  between  the  individual 
segments  to  allow  fiber  linkage.  Hence,  the  number  of  splitters 
required  can  be  flexibly  adjusted.  The  thickness  of  the  module  will 
depend  on  the  required  configuration  and  increases  in  steps  of  the 
thickness  for  each  segment.  The  standard  optical  module  has 
SPC(Super  PC  polished)  connectors  for  10/125  ju  m  single-mode 
fibers.  Table  3  shows  the  types  of  optical  splitter  module. 

6.2  Performance 

We  performed  optical  and  environmental  tests  on  the  optical  splitter 
module.  The  results  are  summarized  below. 

6.2. 1  Insertion  loss  and  Return  loss 

The  optical  splitter  module  samples  was  measured  at  a  wavelength 
of  1.31  id  m.  8-branching  type  has  an  insertion  loss  of  less  than 


Figure  7.  Structure  of  Optical  splitter  Module 


Table  3.  Various  Types  of  Optical  Splitter  Module 


Branchings 

8 

4 

Types  of 
Splitter  Module 

2(1X8) 

4(1X8) 

2(1X4) 

4(1X4) 

Number  of 
Input  ports 

2 

4 

2 

4 

Number  of 
output  ports 

16 

32 

8 

16 

Module  Thickness 
(No.  of  segment) 

2 

3 

1 

2 

1 1.7dB  and  a  return  loss  of  more  than  40dB.  4-branching  type  has 
an  insertion  loss  of  less  than  7.6dB  and  a  return  loss  of  more  than 
40dB. 
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Figure  8.  Temperature  cycling  characteristics  of 
Optical  Splitter  Module 


6.2.2  Temperature  cycling  test 

Figure  8  shows  the  result  of  the  temperature  cycling  test.  The 
insertion  loss  changes  for  optical  module  were  measured  every  20 
minutes  during  a  total  of  3  cycles  of  temperature  variation  from  -20 
to  60  degrees.  The  optical  module  samples  was  measured  at  a 
wavelength  of  1.31  ji  m  and  1.55  fi  m.  The  loss  changes  during  the 
test  were  well  within  0.2dB. 


7.  Conclusion 

We  have  successfully  developed  the  high  density  termination 
cabinet  for  optical  fiber  cable  which  allows  maintenance  on  one 
side.  The  optical  module  has  the  characteristics  incorporating 
compact,  high  density  as  well  as  wide  working  space  when  slid 
forward  during  maintenance  of  connecting  optical  fiber  cable  and 
optical  fiber  cords.  Using  this  structure,  we  not  only  can  achieve 
easy  maintenance,  but  high-level  of  circuit  protection  as  well.  The 
circuits  in  the  other  modules  are  not  affected. 

Presently,  we  are  developing  various  types  of  termination  cabinets 
for  optical  fiber  cable  based  on  the  structure  of  this  optical  module. 
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Abstract 

An  experimental  analysis  is  presented  which  shows  that  poor  needle 
abrasion  performance  of  thin  wall  insulated  cables  is  largely  due  to  a 
tearing  mechanism  which  ultimately  results  in  rapid  wear.  The  data 
presented  indicates  that  prolonging  the  onset  of  the  tearing 
mechanism  using  co-extrusion  technology  leads  to  significant 
improvement  in  abrasion  performance.  This  is  because  of  the 
superior  fatigue  crack  growth  performance  of  the  skin  layer.  Even 
though  the  present  study  deals  primarily  with  a  high  density 
polyethylene  (HDPE)  skin  over  a  crosslinked  polyethylene  (XLPE) 
insulation,  the  co-extrusion  technology  developed  here  is  applicable 
to  other  wire  and  cable  systems  which  exhibit  poor  abrasion 
performance. 

An  analysis  is  also  described  which  demonstrates  that  needle 
abrasion  performance  and  hence  the  mode  of  failure  can  be 
predicted  from  measurements  of  the  compliance,  tensile  stress  and 
fracture  toughness  of  the  resins.  These  parameters  influence  the  size 
of  the  damage  zone  that  results  from  contact  between  the  test  needle, 
the  insulation  and  the  wire. 

1.  Introduction 

Many  studies  have  been  conducted  on  wire  and  cable  abrasion, 
especially  in  the  automotive  and  offshore  oil  industries.  In  the 
offshore  industry,  cables  must  resist  damage  from  inspection  tools  as 
these  are  lowered  into  wells.  In  the  automotive  industry,  resistance 
to  abrasion  is  required  mainly  for  handling  purposes  while  cables 
are  being  installed  or  assembled  into  harnesses.  In  order  to  design 
against  failure  that  directly  or  indirectly  results  from  abrasion 
damage  to  wire  insulation,  it  is  important  to  understand  the  abrasion 
mechanism  involved  in  each  specific  system.  This  normally 
involves  various  mechanical  tests  which  attempt  to  simulate  field 
conditions  such  as  scraping  of  the  cable  against  sharp  objects.  Two 
tests  used  for  this  are  the  needle  and  sandpaper  abrasion  tests. 

Standard  wire  dimensions  used  in  automotive  under  the  hood 
applications  consist  of  a  22  AWG  wire  with  an  XLPE  insulation 
thickness  of  16  mils  (0.41  mm).  Constructions  such  as  these  satisfy 
all  the  necessary  United  States  automotive  specifications  where  they 
have  been  successfully  used  for  over  20  years.  These  specifications 
include  sandpaper  abrasion  tests,  where  XLPE  constructions  meet 
all  the  required  specifications.  However,  for  certain  foreign 
markets,  abrasion  performance  is  determined  by  use  of  the  needle 
abrasion  test,  the  requirements  of  which  are  not  always  satisfied  by 
XLPE  constructions. 


In  the  present  paper  we  are  concerned  with  developing  a  system 
which  satisfies  needle  abrasion  requirements  for  an  under  the  hood 
automotive  application.  While  the  needle  abrasion  performance  of 
any  given  wire  and  cable  system  can  be  improved  by  increasing  the 
insulation  thickness,  cost,  weight  and  space  limitations  usually 
prevent  such  an  approach.  In  the  present  paper,  a  study  of  needle 
abrasion  mechanisms  for  XLPE  and  HDPE  wires  has  been  carried 
out  in  order  to  explore  the  possibility  of  developing  a  co-extruded 
system  which  offers  improved  needle  abrasion  performance  for  a 
given  insulation  thickness  without  sacrificing  performance. 

A  procedure  is  also  presented  which  can  be  used  to  predict  the 
abrasion  performance  of  cables  made  from  any  given  polymeric 
material  so  long  as  some  basic  mechanical  properties  of  the  material 
are  known. 

2.  Experimental 

The  generic  materials  involved  in  the  present  study  are  shown  in 
Table  1 .  Both  resins  shown  in  the  table  are  produced  by  Equistar 
Chemicals,  LP  and  variations  of  these  are  used  in 
telecommunications  and  automotive  wire  and  cable  applications. 
Sample  A  is  a  high  density  polyethylene  resin,  with  low  shrink  back 
characteristics,  developed  for  use  as  primary  insulation  for  telephone 
singles.  Sample  B  is  a  non-halogenated  flame  retardant  crosslinked 
polyethylene  compound  formulated  for  use  as  insulation  in  low 
voltage  automotive  wire  and  cable.  The  XLPE  sample  contains  an 
in-organic  non  halogenated  flame  retardant  filler.  Both  resins  can 
be  processed  using  conventional  extruders,  however,  for  Sample  B, 
a  continuous  vulcanization  tube  is  required.  For  Samples  A  and  B, 
processing  melt  temperatures  should  be  approximately  253  °C  and 
122  °C  respectively. 

Needle  abrasion  tests  are  carried  out  on  a  Tocksfors  Verstads  AB 
(TVAB)  needle  abrader  with  a  needle  diameter  of  45  mils  (1.14 
mm),  Figure  1.  As  shown  in  Figure  1,  the  longitudinal  axis  of  the 
needle  is  perpendicular  to  that  of  the  test  wire.  Testing  is  carried 
out  by  first  clamping  the  test  wire  down,  after  which  the  needle 
oscillates  back  and  forth  over  the  insulation  at  a  frequency  of  60 
Hz  and  an  amplitude  of  25.4  mm.  The  piano  wire  applies  a  7  N 
load  on  the  insulation  as  shown  in  Figure  1 .  The  wire’s  resistance 
to  abrasion  is  determined  be  the  number  of  strokes  that  are  needed 
before  the  wire  insulation  has  been  worn  away.  The  equipment 
stops  in  this  position  automatically  as  there  will  be  an  electrical 
short  circuit  between  the  needle  and  the  wire’s  conductor. 
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Current  requirements  for  the  needle  abrasion  test  call  for  greater 
than  200  strokes  prior  to  failure. 


Table  1.  Mechanical  properties  of  resins  used  in  the 
present  study. 


Property 

Resin 

Sample  A 

Sample  B 

Density, 

0.943 

1.4 

g/cm3 

Tensile  Strength, 

21.7 

20.7 

MPa  (psi) 

(3150) 

(3000) 

Elongation, 

660 

220 

% 

Stiffness, 

593 

218 

MPa  (psi) 

(86000) 

(31600) 

Compliance, 

1.68  x  1  O'3 

4.59  x  10'3 

MPa'  (psi'1) 

(1.16  x  10'5) 

(3.16  x  10'5) 

Figure  1.  Schematic  diagram  of  TVAB  needle 
abrader. 

All  wires  used  in  the  current  study  were  produced  at  lines  speeds 
of  1800  fpm  on  a  commercial  wire  line.  For  the  co-extruded 
sample,  a  two  step  process  was  used  which  first  involved  running 
a  10  mil  (0.25  mm)  thick  22  AWG  single  layer  XLPE 
construction  on  a  continuous  vulcanization  line.  The  XLPE  wire 
was  then  reeled  and  subsequently  re-run  in  a  second  step  where 
the  3  mil  (0.08  mm)  thick  HDPE  layer  was  extruded  over  it. 


3.  Results  and  discussion 

Needle  abrasion  results  for  wire  samples  made  from  XLPE, 
HDPE  and  a  co-extruded  construction  of  both  are  shown  in  Figure 


2.  The  following  interesting  observations  can  be  made  from  the 
results  presented  in  Figure  2: 

a)  The  16  mil  (0.41  mm)  thick  HDPE  sample  fails  after  1363 
strokes,  far  exceeding  the  requirement  of  200  strokes. 
Therefore,  for  the  same  insulation  thickness,  HDPE  exhibits 
far  superior  needle  abrasion  performance  than  the 
corresponding  XLPE  sample. 

b)  The  co-extruded  construction  of  13  mil  (0.33)  overall 
insulation  thickness  fails  after  843  strokes,  satisfying  the  200 
stroke  requirement;  and  in  fact  does  so  at  a  smaller  insulation 
thickness.  As  mentioned  in  Section  2,  the  multi-layer 
construction  consists  of  a  10  mil  (0.25  mm)  XLPE  inner 
layer  and  a  3  mil  (0.08  mm)  thick  HDPE  outer  layer.  It  is 
worth  noting  that  a  10  mil  (0.25  mm)  thick  XLPE  sample 
fails  after  45  strokes  and  a  3  mil  (0.08  mm)  HDPE  sample 
fails  after  only  5  strokes.  The  combined  system  is  therefore 
more  effective  than  each  of  the  individual  constructions  on 
their  own. 


c)  As  expected,  abrasion  performance  depends  on  insulation 
thickness,  with  the  thinner  wall  thicknesses  exhibiting 
inferior  performance. 


Figure  2.  Needle  abrasion  performance  of  XLPE, 
HDPE  and  co-extruded  XLPE/HDPE  insulated  wires. 

An  explanation  for  the  superior  performance  of  the  16  mil  (0.41 
mm)  HDPE  construction  over  the  XLPE  construction  of  the  same 
insulation  thickness  in  part  lies  in  the  difference  in  compliance 
between  the  two  resins.  As  shown  in  Table  1,  the  HDPE  resin  is 
of  lower  compliance,  suggesting  that  during  testing,  the  needle 
penetrates  further  into  the  XLPE  insulation  since  both  are 
subjected  to  the  same  normal  force  of  7  N.  Therefore,  as  the 
needle  oscillates  back  and  forth,  it  causes  more  damage  in  the 
insulation  made  from  XLPE.  By  this  token,  using  a  needle  of 
smaller  diameter  should  exacerbate  the  resulting  damage  and 
speed  up  the  rate  of  abrasion.  Since  the  normal  force  will  be  the 
same  for  both  needles,  the  higher  stresses  on  the  insulation  from 
the  thinner  needle  causes  higher  levels  of  strain,  higher 
penetration  into  the  insulation  and  therefore  more  damage.  Data 
obtained  for  a  thinner  needle,  showing  the  higher  rate  of  abrasion 
are  shown  in  Figure  3.  The  compliance  of  the  wire  therefore  plays 
a  significant  role  in  the  abrasion  mechanism. 
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0.25  DIA  0.45  D1A 


^3  mil  HDPE  ■  13  mil  HDPE  | 

Figure  3.  HDPE  abrasion  data  for  0.25  (0.00635)  and 
0.45  (0.114)  mil  (mm)  diameter  needles 

A  farther  explanation  for  the  superior  performance  of  the  HDPE 
insulation  over  that  made  from  XLPE  is  evident  from  the  abrasion 
mechanism  associated  with  both.  Scanning  electron  microscopy 
(SEM)  photomicrographs  of  the  abraded  surfaces  of  a  16  mil 
(0.41  mm)  XLPE  sample  and  a  HDPE  sample  of  the  same 
insulation  thickness  are  shown  in  Figures  4  and  5. 

The  photomicrographs  shown  in  Figures  4  and  5  are  taken  after  5 
strokes  in  the  needle  abrasion  test.  As  seen,  both  wires  exhibit  the 
typical  ridge  pattern  associated  with  severe  wear  conditions  in 
polymeric  materials  [1].  This  is  characterized  by  a  series  of  ridges 
that  develop  at  right  angles  to  the  sliding  direction.  As  the  needle 
oscillates  back  and  forth  over  the  insulation,  abrasion  proceeds 
mainly  by  crack  propagation  that  occurs  at  the  base  of  the  ridge. 
During  this  process,  fracture  processes  on  the  scale  of  microns 
take  place,  involving  the  detachment  of  relatively  large  particles 
from  the  ridge  edges.  In  highly  filled  compounds,  the  detached 
particles  tend  to  cause  further  wear  by  virtue  of  their  abrasive 
characteristics  [2]. 

Therefore  materials  that  possess  good  resistance  to  crack 
propagation  are  likely  to  exhibit  good  needle  abrasion.  As  a 
result,  even  though  both  XLPE  and  HDPE  exhibit  similar 
abrasion  patterns  (at  least  in  the  initial  stages  of  the  test),  the 
superior  fatigue  crack  growth  performance  of  HDPE  over  the 
highly  filled  XLPE  leads  to  the  better  needle  abrasion 
performance. 

SEM  photomicrographs  of  the  co-extruded  sample  is  shown  in 
Figure  6  after  5  strokes.  Unlike  the  single  layer  constructions,  the 
co-extruded  sample  exhibits  no  evident  surface  damage  after  5 
strokes.  The  use  of  the  HDPE  skin  over  the  XLPE  insulation 
therefore  prolongs  the  onset  of  surface  damage  to  the  insulation 
leading  to  the  observed  improvement  in  abrasion  performance. 
Although  the  mechanism  that  exists  in  the  multi-layer 
constructions  is  not  fully  understood,  it  is  thought  to  be  related  to 
the  damage  zone  that  exists  at  the  outer  and  inner  surfaces  of  the 
insulation  [3]. 


Figure  4.  SEM  photomicrograph  of  a  16  mil  (0.41 
mm)  thick  XLPE  22  AWG  wire  after  5  strokes  in  the 
needle  abrasion  test. 


Figure  5.  SEM  photomicrograph  of  a  16  mil  (0.41 
mm)  thick  HDPE  22  AWG  wire  after  5  strokes  in  the 
needle  abrasion  test. 


Figure  6.  SEM  photomicrograph  of  a  13  mil  (0.33 
mm)  thick  XLPE/HDPE  22  AWG  co-extruded  wire 
after  5  strokes  in  the  needle  abrasion  test. 

During  needle  abrasion  tests,  the  normal  force  imposed  on  the 
insulation  creates  a  damage  zone  of  yielded  material  at  the 
needle/insulation  interface.  This  normal  force  also  creates  a 
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second  damage  zone  at  the  interface  between  the  wire  conductor 
and  the  inner  surface  of  the  insulation  (Figure  7).  As  the 
thickness  of  the  insulation  is  reduced,  the  inner  and  outer  damage 
zones  overlap.  As  a  result  the  bulk  of  material  between  the 
conductor  and  test  wire  is  past  its  yield  point  suggesting  a  much 
lower  modulus  and  therefore  a  much  higher  compliance.  This 
results  in  deeper  penetration  of  the  needle  into  the  insulation 
which  leads  to  more  severe  damage.  Clearly,  for  insulation 
thicknesses  up  to  a  certain  value,  the  inner  and  outer  damage 
zones  will  overlap,  resulting  in  severe  abrasion  damage  and 
subsequently  high  abrasion  rates.  This  is  confirmed  by  the  data 
shown  in  Figure  8,  where  the  thinner  samples  investigated  in  the 
present  work  exhibit  abrasion  rates  at  least  an  order  of  magnitude 
higher  than  the  thicker  samples.  It  is  interesting  to  note  that  by 
extruding  a  HDPE  skin  over  XLPE,  the  abrasion  rate  of  the  co¬ 
extruded  construction  is  similar  to  that  of  a  single  layer  HDPE 
construction  of  comparable  thickness. 


Thin  insulation  Thick  insulation 


Figure  7.  Damage  zone  on  insulation  of  two 
different  thicknesses. 
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Figure  8.  Abrasion  rate  of  XLPE,  HDPE  and  co¬ 
extruded  XLPE/HDPE  insulated  wires. 


A  precise  calculation  of  the  size  of  the  damage  zone  in  the  needle 
abrasion  test  configuration  is  difficult  and  requires  numerical 
finite  element  or  finite  volume  techniques.  However,  for 
comparing  the  relative  performance  of  materials,  the  plastic  zone 
size  serves  as  an  indication  of  the  damage  zone  size.  The  plastic 
zone,  defined  as  the  region  around  the  tip  of  a  crack  where  the 
material  has  undergone  yielding  can  be  predicted  from  [3]: 


R 


p 


\  { EG  \ 


2n 


(1) 


In  Equation  (1),  Rp  is  the  plastic  zone  size  and  E ,  Gc  and  Gy  are 
the  Young’s  modulus,  energy  release  rate  and  yield  stress  of  the 
material  respectively.  The  energy  release  rate  is  a  measure  of  the 
fracture  toughness  of  the  material.  The  parameter,  Rp ,  therefore 
lumps  into  a  single  numerical  value  the  compliance  of  the 
material,  its  toughness  and  its  yield  stress.  The  combined  effect  of 
these  mechanical  properties  on  needle  abrasion  can  therefore  be 
investigated  by  simply  studying  the  effect  of  plastic  zone  size  on 
needle  abrasion  performance. 

Needle  abrasion  data  has  been  obtained  for  a  range  of  commonly 
available  polymers  for  which  literature  values  for  E ,  Gc  and  Oy  are 
readily  available  [4].  Figure  9  shows  the  calculated  plastic  zone 
size  for  the  polymers  investigated  and  Figure  10  shows  the 
corresponding  needle  abrasion  results  for  10  mil  (0.25  mm)  thick 
insulation  over  22  AWG  wire.  It  is  clear  that  polymers  such  as 
PVC,  polypropylene  and  nylon,  with  the  smallest  plastic  zone 
sizes  exhibit  the  best  needle  abrasion  performance.  It  therefore 
appears  that  needle  abrasion  performance  can  be  predicted  by  a 
single  parameter,  Rp,  which  takes  into  account  the  compliance  of 
the  material,  its  toughness  and  its  yield  stress.  This  is  in 
agreement  with  the  results  obtained  in  the  present  work  which 
suggest  that  material  compliance  and  toughness  do  influence  the 
needle  abrasion  performance  of  wires  insulated  with  XLPE  and 
HDPE. 

Results  such  as  those  presented  in  Figures  9  and  10  have  been 
generated  for  each  of  the  mechanical  properties  listed  above  and 
attempts  have  been  made  to  relate  each  of  these  to  needle 
abrasion.  The  results  indicate  that  a  relationship  between  needle 
abrasion  and  each  individual  mechanical  property  does  exist. 
However,  it  appears  that  the  best  correlation  is  obtained  when  all 
of  the  above  mechanical  properties  are  lumped  into  the  plastic 
zone  term. 
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Figure  9.  Needle  abrasion  performance  of  some 
common  polymers. 
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Figure  10.  Corresponding  plastic  zone  sizes  for 
resins  presented  in  Figure  9. 

4.  Conclusions 

Data  is  presented  which  shows  that  deficiencies  in  the  needle 
abrasion  performance  of  XLPE  insulated  wires  can  be  overcome  by 
extruding  a  HDPE  skin  over  a  single  layer  XLPE  wire  construction. 
This  improvement  in  needle  abrasion  is  attributed  to  a  temporary 
suppression  of  the  tearing  mechanism  which  is  otherwise 
responsible  for  rapid  wear.  In  addition,  it  is  shown  that  the  rate  of 
abrasion  for  wires  insulated  with  polymers  is  highly  thickness 
dependent  with  smaller  insulation  thickness  exhibiting  much  higher 


rates  of  abrasion.  Finally,  results  are  shown  which  suggest  that  a 
single  parameter  such  as  plastic  zone  size,  which  depends  on  the 
stiffness,  toughness  and  yield  stress  of  the  insulation  material,  can  be 
used  to  predict  the  needle  abrasion  performance. 
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Abstract 

In  this  paper  we  present  the  lifetime  evaluation  of  the  capsaicin 
additive  used  in  optical  cables  polyethylene  sheath  to  provide  an 
anti-rodent  cable  by  repellent  effect.  The  lifetime  prediction  of 
the  capsaicin  additive  was  obtained  from  different  accelerated 
aging  conditions.  The  experimental  results  from  accelerated 
aging  study  were  than  extrapolated  to  actual  in-service 
environment  using  Arrhenius  model.  With  degradation  curve 
estimated  for  various  application  temperatures  it  is  possible  to 
predict  the  initial  dosage  of  capsaicin  required  in  the  sheath  to 
guarantee  the  rodent  repellent  efficiency  during  the  optical  cable 
lifetime. 

Keywords 

Anti-rodent  cables;  capsaicin;  lifetime  prediction;  Arrhenius 
equation. 


1.  Introduction 

It  is  known  that  the  long  term  reliability  of  optical  cables  can  be 
seriously  affected  if  the  cable  is  submitted  to  the  attack  of 
rodents.  In  order  to  provide  protection  against  this  type  of 
damage,  one  of  the  solutions  is  the  use  of  microencapsulated 
synthetic  capsaicin  in  the  optical  cables  sheath  as  additive 
repellent  against  rodents.  This  is  mainly  convenient  for  the 
situations  in  which  it  is  desired  a  cable  with  small  diameter  and 
lightweight  properties[l].  The  use  of  microencapsulated 
synthetic  capsaicin  as  rodent  repellent  additive  has  been 
showing  efficient  against  rodent  attack.  Since  the  optical  cables 
require  long-term  functionality,  the  chemical  stability  of  the 
capsaicin  in  the  sheath  during  the  optical  cable  lifetime  must  be 
assessed.  As  optical  cables  are  continuously  submitted  to 
different  temperature  and  the  degradation  rate  of  the  capsaicin 
additive  will  depend  fundamentally  on  the  environment 
temperature  where  the  optical  cable  is  installed,  it  is  necessary  to 
study  the  effects  of  the  temperature  on  the  stability  of  the 
additive  in  order  to  predict  the  long  term  functionality  of  this 
chemical  product. 

2.  Statistical  Prediction  of  Capsaicin 
Stability  in  the  Cable  Sheath 

2.1  Theory 

The  prediction  of  the  chemical  stability  of  capsaicin  in  the  cable 
sheath  can  be  made  by  submitting  samples  at  different 
accelerated  aging  environment  and  by  using  Arrhenius  equation. 


This  approach  involves  firstly  the  determination  of  a  correct 
order  of  degradation  reaction  to  describe  the  functional 
relationship  between  the  capsaicin  additive  (CA)  content  versus 
time  and  temperature.  The  equations  for  zero,  first  and  second- 
order  degradation  reactions  can  be  summarized  in  a  simplified 
way  as [3]: 


C  =  C0  -  k*  t 

(1) 

C  =  C0  exp (~k  x  t ) 

(2) 

O 

i 

h— *■ 

II 

X 

(3) 

where  k  is  the  rate  of  degradation  reaction,  and  C0  and  C  are  the 
contents  of  CA  at  time  zero  and  time  t ,  respectively.  The 
equation  for  the  first-order  reaction  can  also  be  expressed  in  a 
linearized  form: 

LnC  =  LnCo  -  k*t  (4) 

The  k  parameter  can  be  defined  using  Arrhenius  equation  (5  and 
6)  as: 

,  .  -  Ed 

k  =  A><ex  p -  (5) 

R*T 

r  7  r  ,  Ea 

Logk  =  LogA  -  (6) 

where  R  is  the  gas  constant,  Ea  the  activation  energy,  A  is  a 
constant  and  T  is  the  absolute  temperature  in  Kelvin.  By  using 
equations  6  e  2  the  half-life  of  CA  can  be  obtained. 

2.2  Experiment  and  Statistical  Analysis 

In  order  to  determine  the  rate  of  degradation  reaction  (&), 
samples  of  polyethylene  (PE)  suitable  for  use  in  the  sheath 
containing  0.38,  0.66  and  0.95  %  of  CA  (before  aging)  were 
prepared.  The  samples  were  conditioned  in  an  oven  for  40  days 
at  100°C.  After  aging,  the  concentration  of  CA  in  the  samples 
was  measured  by  using  HPLC  (High  Performance  Liquid 
Chromatography)  analysis  method  previously  extracted  with 
toluene  and  methanol  from  polyethylene.  The  results  are 
presented  in  Table  1. 

Table  1-  Remaining  percentage  of  CA  after  aging 
for  40  days  at  100°C 


CA  content  in  PE 

Remaining 

Percentage 

Before  aging 

After  40  days 
at  100°C 

0.38  % 

0.24  % 

37% 

0.66  % 

0.42  % 

36% 

0.95  % 

0.62  % 

35% 
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From  the  results  showed  in  Table  1,  the  remaining  percentages 
were  equivalent  for  the  three  different  concentrations  of  CA  in 
PE.  As  the  degradation  rate  was  proportional  to  the  CA  content, 
the  reaction  can  be  expressed  by  equation  2  (or  4). 

The  stability  of  CA  was  evaluated  using  a  10  mm  diameter  of 


conventional  optical  cable  as  described  in  Figure  4,  sheathed 
with  PE  which  was  added  0.49%  of  the  additive.  Pieces  of  cable 
samples  were  aged  for  a  specific  time  and  temperatures  of  50, 
80,  100  and  120°C.  After  each  aging  condition,  the  CA  content 
in  the  sheath  was  measured.  The  results  are  presented  in  Table  2. 


Table  2  -  Effects  of  aging  on  CA  content 


Temperature 

Aging  period  versus  CA  concentration 

50°C 

Days 

0 

30 

60 

90 

180 

%  CA 

0.41 

0.40 

0.39 

0.38 

0.37 

_ ^ 

80°C 

Days 

0 

10 

30 

80 

— 

%  CA 

0.41 

0.37 

0.31 

0.24 

__ 

- - 

100°C 

Days 

0 

7 

14 

40 

— 

%  CA 

0.41 

0.32 

0.27 

0.16 

__ 

120°C 

Days 

0 

1 

5 

7 

— 

%  CA 

0.41 

0.34 

0.19 

0.17 

- 

o 

c 


'  x 


X 

X 


y=-0.0006x~  0.9014 


y  =  -0.0065x  -  0.9259 


y= -0.0227X  -  0.9478 


y  =  -0.1 29  X  -0.9314 


♦  50  C 
■  80  C 
X  100  C 
X  120  C 


0  10  20  30  40  50  60  70  80  90  100  110  120  130  140  150  160  170  180 


Time,  days 


Figure  1-  CA  degradation 


The  Figure  1  shows  the  plot  of  CA  content  versus  aging  time 
period,  using  the  experimental  data  form  Table  2.  By  using 
linear  regression  analysis,  the  rate  of  reaction  k  and  correlation 
coefficient  were  estimated.  The  results  are  given  in  Table  3. 


The  Figure  2  shows  the  plot  of  Log  k  versus  the  reciprocal  of 
absolute  temperature  (1/T).  By  linear  regression,  the  best  fit  for 
the  experimental  Arrhenius  plot  is  given  by: 

Logk  =  9.549-4136x2.  (7) 
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Table  3  -  Rate  of  degradation  reaction  k 


Temperature 

Rate  of 
reaction  k 

Logk 

Celsius 

Kelvin 

50°C 

323 

0.0006 

-3.2218 

80°  C 

353 

0.0065 

-2.1871 

100°C 

373 

0.0227 

-1.6440 

120°  C 

393 

0.1290 

-0.8894 

Figure  2  -  Arrhenius  plot 


2.3  Prediction  of  CA  Concentration  Reduction  in 
the  Cable  Sheath. 

By  using  the  equation  7,  the  k  values  were  calculated  taking  into 
account  the  temperatures  which  the  cable  would  be  submitted 
when  in  an  in-service  environment  and  with  the  equation  2,  the 
period  of  elapsed  time  when  the  content  of  CA  (residual)  is  in 
75,  50  and  25%  in  relation  to  the  initial,  for  each  k  value.  The 
calculated  k  and  elapsed  time  are  presented  in  Table  4  and  the 
degradation  curve  is  shown  in  Figure  3. 


Table  4  -  The  degradation  rate  k  and  elapsed 
time  prediction 


°c 

k 

Elapsed  time,  years 

75% 

50% 

25% 

25 

4.68E-05 

16.9 

40.6 

81.2 

30 

7.92E-05 

9.9 

24.0 

47.9 

35 

1.32E-04 

6.0 

14.4 

28.8 

40 

2.16E-04 

3.6 

8.8 

17.6 

50 

5.55E-04 

1.4 

3.4 

6.8 

60 

1.34E-03 

0.6 

1.4 

2.8 

I  25  C 
■  30  C 
35  C 
X40C 
*50  C 
•  60  C 


Years 


Figure  3  -  Degradation  curve  of  CA  in  the  cable  sheath 
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3.  Rodent  Repellent  Cable  Evaluation 


3.1  Cable  Design  and  Additive  Concentration 

The  Figure  4  shows  the  rodent  repellent  optical  cable  used  in 
this  study.  The  cable  consists  of  a  conventional  optical  cable, 
which  was  added  0.40  and  0.86%  of  capsaicin  to  the 
polyethylene  jacket.  Although  capsaicin  is  a  very  friendly 
substance  to  the  environment  and  non-toxic,  it  is  known  that  it 
can  cause  irritation  to  human  being  during  cable  handling. 
Therefore,  in  order  to  avoid  this  problem,  we  have  adopted 
0.2mm  thickness  of  skin  application  to  guarantee  safety  during 
handling  operation. 


Figure  4  -  Rodent  Repellent  Fiber  Optic  Cable 


3.2.  Rodent  Attack  Test 

Being  a  destructive  animal  pest  found  in  and  around  town 
sewers  and  buildings,  the  common  brown  rat,  Rattus  norvegicus 
also  called  Norway  rat  or  sewer  rat  from  wild  and  laboratory 
(domestic),  was  used  for  the  rodent  attack  test.  An  optical  cable 
in  accordance  with  Figure  4  with  0.40%  and  0.86%  capsaicin 
dosage  measured  in  the  inner  sheath,  with  more  than  60%  in 
microencapsulated  form  was  submitted  to  test  attack  as  follow: 

Test  description: 

Pair  of  cable  pieces,  20cm  length,  10mm  diameter,  one  cable 
sheath  containing  additive  and  other  without  additive,  were 
placed  in  a  cage  where  three  rats,  68  weeks  old,  516g  weight  and 
with  25cm  body  length  were  housed.  Free  access  to  drinking 
water  and  food  was  allowed  throughout  the  evaluation.  The 
cable  pieces  were  taken  out  after  leaving  for  4  days.  The  test  was 
replicated  five  times. 

The  following  criteria  was  used  for  evaluation: 

0:  Jacket  not  scratched 

1 :  Jacket  scratched  but  not  penetrated 

2:  Jacket  penetrated  with  no  damage  to  the  core  cable 

3:  Jacket  penetrated  with  damage  to  the  core  cable  and  optical 

fiber 

4:  Highly  destroyed,  close  to  cable  cut 

The  results  are  presented  in  Table  5  and  6  with  their  respective 
Photos  1  and  2  after  the  rodent  attack  test. 


Table  5  -  Cable  damage  for  0.40%  additive 


Cage  No 

Optical  Cable  Sample  | 

With  additive 

Without 

additive 

1 

1 

2 

2 

1 

2 

3 

0 

4 

4 

0 

3 

5 

1 

2 

Photo  1  -  Optical  cable  with  0.40%  additive  and 
without  additive 


Table  6  -  Cable  damage  for  0.86%  additive 


Cage  No 

Optical  Cable  Sample  | 

With  additive 

Without 

additive 

1 

0 

4 

2 

0 

4 

3 

0 

2 

4 

0 

3 

5 

0 

4 

Photo  2  -  Optical  cable  with  0.86%  additive  and 
without  additive 


4.  Discussion 

The  degradation  study  of  the  capsaicin  in  the  PE  sheath  showed 
that  the  repellent  efficiency  will  depend  strongly  on  the 
temperature  which  the  cable  will  be  submitted  when  in-service 
environment.  The  Figure  3  shows  that  for  temperature  above 
35°C,  the  concentration  of  CA  in  the  cable  sheath  will  present  a 
significant  reduction  along  the  time.  Thus,  in  order  to  guarantee 
the  efficiency  of  the  repellent  during  the  cable  lifetime  it  would 
be  necessary  to  predict  an  additional  amount  of  CA  to 
compensate  the  degradation. 
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The  rodent  tests  have  confirmed  the  repellent  effect  over  sewer 
or  brown  rat.  The  optical  cable  samples  with  0.40%  and  0.86% 
of  additive  were  very  efficient  to  stop  the  rodent  attack.  Samples 
with  0.4%  of  additive  showed  satisfactory  resistance  level  since 
the  rats  start  gnawing  the  cable  and  stopped  when  they  reached 
the  inner  jacket  with  capsaicin  additive. 

In  a  rodent  attack  test  with  Thrichomys  apereoides  also  called 
punare  or  rabudo[4][5]  conducted  in  a  similar  way  as  described 
for  the  test  with  Rattus  norvegicus  the  optical  cable  samples 
were  totally  destroyed  by  the  rodent  even  in  high  concentration. 
The  Thrichomys  apereoides  rodents  inhabit  the  open  areas  that 
go  from  the  southeast  to  the  northeast  of  Brazil  embracing  the 
whole  center-west  and  live  in  rocky  blooming,  building  nests  in 
logs  or  holes  in  the  ground.  Therefore,  for  cables  installed  in 
areas  where  these  rodents  are  found,  the  use  of  capsaicin 
additive  in  the  cable  sheath  to  avoid  rodent  attack  is  not 
applicable. 

The  repellent  effect  is  caused  by  hot  stimulus  of  capsaicin, 
which  is  sensed  as  heat  stimulus  at  palate  nerves.  The  hot 
stimulus  is  sensed  more  intensely  in  the  end  part  of  tongue 
where  lot  of  nerves  is  distributed.  Differently  to  the  Rattus 
norvegicus  in  which  such  effect  happens,  to  the  Thrichomys 
apereoides  there  is  not  the  repellent  effect,  being  probably  due 
to  non  occurrence  of  the  contact  between  the  additive  and  palate 
when  this  gnaws. 


5.  Conclusion 

With  the  degradation  curve  of  the  capsaicin  additive  in  the  cable 
sheath  it  was  possible  to  evaluate  statistically  the  stability  of  the 
additive  for  a  long  period,  which  will  depend  strongly  on  the 
environment  temperature  where  the  cable  is  installed.  The  more 
accurate  the  knowledge  of  the  application  temperature  the  better 
the  prediction  of  initial  additive  concentration  needed  to 
compensate  the  degradation  and  thus  guarantee  the  repellent 
effect  against  the  rodents. 

In  a  rodent  attack  test,  the  optical  cables  with  0.4%  of  additive  in 
the  sheath  showed  satisfactory  resistance  level  to  the  sewer  or 
brown  rat. 
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Abstract 

There  is  no  doubt  that  the  inhalation  of  toxic  products  formed  dur¬ 
ing  the  combustion  process  is  the  major  cause  of  fatalities  that 
occur  during  fire  catastrophes.  There  is  however  considerable  dis¬ 
pute  as  to  the  best  means  to  mitigate  these  hazards.  Essentially  two 
approaches  are  currently  adopted  -  the  American  and  the 
European.  In  summary  the  US  approach  is  that  heat  release  is  all 
important.  Toxicity  is  directly  linked  to  carbon  monoxide,  which 
in  flashover  fires  is  proportional  to  heat  release.  In  Europe,  the  fire 
hazard  model  is  different.  Fire  deaths  are  believed  due  to  a  two 
stage  process  -  incapacitation  followed  by  carbon  monoxide  poi¬ 
soning.  Therefore  the  focus  is  on  controlling  the  smoke  and  irritant 
gases  which  cause  incapacitation. 

In  spite  of  the  obvious  concerns  most  cable  specifications  do  not 
take  toxicity/irritancy  into  account.  A  few,  such  as  BS  721 1,  VDE 
0250  pt  214  and  215,  limit  the  acidity  (irritancy)  by  a  simple 
restriction  of  the  halogen  content  of  the  combustion  fumes 
(IEC60754-2).  Consideration  of  the  more  general  toxicity/irritan¬ 
cy  problem  is  much  more  difficult.  Animal  testing  is  probably  the 
most  reliable  approach  but  is  very  difficult  to  justify  on  moral 
grounds.  The  alternative  is  to  identify  and  quantify  critical  com¬ 
ponents  of  the  combustion  fumes  (NES  713,  IMO  MSC  41(64)). 
Toxicity  is  then  estimated  by  assuming  that  the  overall  hazard  is 
the  sum  of  the  component  parts.  The  resulting  parameter  is  known 
as  the  Fractional  Effective  Dose.  A  similar  approach  may  be  adopt¬ 
ed  in  considering  irritancy.  ISO  130571  is  a  draft  specification 


aimed  at  incorporating  this  type  of  analysis  into  a  system  of  build¬ 
ing  hazard  assessment. 

The  purpose  of  this  paper  is  to  give  an  overview  of  the 
toxicity/irritancy  of  the  main  combustion  products  formed  during 
the  combustion  of  materials  used  in  three  types  of  data  cable.  The 
key  difference  to  the  methods  cited  above  is  the  use  of  GC/MS, 
which  ensures  consideration  of  all  components  of  the  combustion 
process. 

Introduction 

The  life  cycle  of  plastic  materials  covers  3  phases  -  manufacture, 
use  and  end  of  life  disposal.  Combustion  behaviour  is  important 
both  in  the  case  of  accidental  burning  during  normal  use  and  in  the 
more  controlled  end  of  life  disposal  by  incineration.  Although  this 
paper  is  primarily  concerned  with  safety  in  the  case  of  accidental 
combustion,  the  incidence  of  this  occurrence  is  trivial  in  compari¬ 
son  to  the  volume  of  material  subject  to  disposal  by  incineration. 

The  literature  is  full  of  conflicting  claims  and  counter  claims 
regarding  the  relative  safety  of  combustion  fumes  arising  from  the 
burning  of  plastic  materials.  The  problem  is  complex.  Fume  com¬ 
position  varies  with  the  nature  of  the  fire,  providing  obvious  scope 
for  identifying  specific  cases  of  products  giving  superior  or  inferi¬ 
or  performance.  This  unsatisfactory  situation  has  been  addressed 
by  ISO  TR  9122  which  attempts  to  identify  the  principle  phases 
which  occur  during  a  fire,  table  1 .  This  should  form  the  starting 
point  of  any  fire  hazard  assessment. 


Table  1.  Fire  Classification  Scheme  (revised  ISO) 


Fire  Stage  of  Type 

Temperature  °C 

Fire  Effluent 

Fire 

Hot  Layer 

Oxygen 

Oxygen 

co2/co 

to  fire  % 

from  fire  % 

V/v 

1.  Non-flaming 

a.  Self  sustaining. 

450  -  600 

RT 

21 

>20 

1-5 

b.  Oxidative  pyrolysis  from  externally  applied  radiation. 

300  -  600 

<50 

0 

>20 

1-5 

c.  Non-oxidative  pyrolysis  from  non  externally  applied  radiation. 

300  -  600 

<50 

0 

0 

<5 

2.  Well  ventilated  flaming 

Where  fire  is  small  wrt  compartment  size,  flames  are  below  the 
base  of  hot  gas  layer  and  fire  size  is  fuel  controlled. 

>700 

RT  to  500 

>15 

5-21 

>20* 

3.  Low  ventilated  flaming 

Where  fire  is  small  wrt  compartment  size,  flames  are  partly  above 
the  base  of  hot  gas  layer  and  fire  sizes  is  ventilation  controlled, 
a.  Small  vitiated  fire  in  closed  compartment 

>700 

RT  to  500 

>15 

0-12 

2-20 

b.  Post-flashover  fires  in  large  or  open  compartment 

>700 

RT  to  1000 

>15 

0-  12 

2-20 

*Note  may  be  lower  for  materials  containing  FR  additives,  to  determine  whether  fire  is  type  2  or  3,  use  non  FR,  efficient  burning  material. 
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Table  3  Cable  samples 


Having  identified  the  fire  scenario  the  next  phase  is  to  test  for  haz¬ 
ardous  combustion  products  which  may  be  either  gaseous  or  par¬ 
ticulate  in  nature.  Most  test  protocols  involve  the  quantification  of 
specific  products  which  may  or  may  not  coincide  with  those 
evolved  by  the  product  under  investigation.  This  is  especially  true 
for  the  so  called  "super  toxins"  with  critical  FED  of  the  order  of  a 
few  ppm.  A  further  concern  is  that  the  analytical  technique  must 
not  itself  modify  the  products  being  analysed  -  an  issue  which  will 
be  addressed  later. 

The  purpose  of  this  paper  is  to  give  an  overview  of  the  toxicolog¬ 
ical  properties  of  fumes  arising  from  the  combustion  of  3  different 
types  of  data  cable.  The  basis  is  a  mass  balance  -  being  the  only 
way  to  ensure  the  consideration  of  all  components. 

Experimental 

Materials 

In  this  work  the  polymers  described  in  table  2  have  been  investi¬ 
gated. 


Table  2.  Description  of  polymer  samples 
investigated 


Polymer 

sample 

Description 

PVC 

Standard  PVC  jacketing  compound.  Comprising 
approx.  20%  Plasticiser  (DOP),  23%  chalk 
calcium/zinc  stabilisers  and  titanium  dioxide. 

FR-PVC 

Flame  retardant  PVC  compound  typically  used 
for  plenum  cable  jacketing.  Comprising  phos¬ 
phorus  containing  plasticiser,  35%  aluminium 
hydroxide,  antimony  trioxide,  zink  borate,  titanium 
dioxide,  and  lead  stabiliser.  Unknown  calcium 
and  silica  containing  substance  identified. 

Casico 

(FR4804) 

Casico  flame  retardant  technology  and  its  physi¬ 
cal,  electrical  and  burning  characteristics,  as  well 
as  its  flame  retardant  mechanism,  were  presented 
at  IWCS  -981  .  FR4804  is  a  general  purpose  jack¬ 
eting  compound  consisting  of  an  ethylene  butyl 
acrylate  copolymer,  30%  chalk,  5%  high  molecu¬ 
lar  weight  silicon  elastomer  and  0.2%  phenolic 
antioxidant 

FEP 

Fluorinated  ethylene  propylene  copolymer  typically 
used  as  plenum  insulation 

Burning  characteristics  of  three  category  5  unscreened  twisted 
pairs  (UTP  )  data  cables  (4  pairs,  0.5  mm  copper  conductor) 
utilising  the  above  described  jackets  have  been  additionally  studied. 
These  cables  are  described  in  table  2. 


Cable 

sample 

Description 

PVC 

Standard  PVC  jacket  (0,49mm).  Solid  polyethylene 
(ME6032)  insulation  free  from  flame  retardants. 
Outer  diameter  0.89  mm. 

Casico 

FR4804  jacket  (0.52  mm).  Solid  polyethylene 
(ME6032)  insulation  free  from  flame  retardants. 
Outer  diameter  0.89  mm. 

Plenum 

FRPVC  jacket  (0.4mm),  FEP  insulation.  Outer 
diameter  0.82  mm 

Fire  tests 

Cone  calorimeter  (Stanton  tests  were  performed  according  to 
ASTM  E  1354-90,  on  the  UTP  cables.  The  cables  were  cut  into 
lengths  of  10  cm,  end  sealed  with  Teflon  tape  and  placed  in  the 
sample  holder. 

Corrosiveness  of  combustion  fumes 

The  analysis  was  performed  in  accordance  with  IEC  60754-2.  The 
cable  samples,  as  well  as  pure  FEP,  were  decomposed  in  a  tube 
furnace  at  950°C  for  30  min.  The  fire  gases  were  absorbed  in  water 
and  the  acidity  measured  using  a  pH  meter. 

Thermogravimetry 

Thermogravimetric  analysis  (TGA)  was  made  on  both  the  polymer 
jackets  and  the  FEP  insulation  using  a  Mettler  Toledo  TGA  850.  10  mg 
samples  were  decomposed  in  air  as  well  as  in  a  pure  nitrogen  atmos¬ 
phere  (50ml/min)  at  a  heating  rate  of  10°C/min  and  also  isothermally. 

Identification  of  combustion  fumes 

The  polymeric  samples  (0.3- lg)  were  decomposed  for  15  minutes 
in  a  tube  furnace  similar  to  that  described  in  IEC60754-2.  The  furnace 
temperature  was  575°C  and  the  airflow  rate  2  litres  per  minute.  The 
air  contained  2000  ppm  water.  Different  techniques  were  used  to 
collect  the  various  species  of  fire  effluent  for  subsequent  analysis.  Fire 
gases  were  collected  in  Tedlar  bags  and  carbon  monoxide  (CO)  and 
carbon  dioxide  (C02)  levels  determined  by  non-dispersive  infrared 
analysers;  for  nitrogen  oxides  chemical  reagent  tubes  were  used. 
Hydrocarbons,  halogenated  hydrocarbons  and  aldehydes  were  deter¬ 
mined  using  a  gas  chromatograph/mass  spectrometer  (GC/MS).  In 
this  case  the  fire  gases  were  transferred  from  the  Tedlar  bags  and 
adsorbed  onto  various  sorbents  (Tenax,  Charcoal  and  XAD-2) 
within  1-2  hours  to  stabilise  the  gases.  The  gases  on  the  tubes  were 
then  desorbed  into  the  GC/MS  for  analysis.  Hydrogen  chloride 
(HC1)  and  hydrogen  fluoride  (HF)  were  determined  by  absorbing 
the  fire  gases  in  0.1  M  aqueous  solution  of  sodium  hydroxide  prior 
to  quantification  by  ion-chromatography.  The  mass  of  airborne  par¬ 
ticles  retained  on  a  1  micron  filter  was  measured  for  the  FEP  sam¬ 
ple.  For  the  PVC  and  Casico  the  1  mm  filter  caused  an  excessive 
back  pressure  and  a  1.6  micron  filter  was  used  for  these  tests. 

Results 

Cone  calorimeter 

The  cone  calorimeter  results  for  the  different  data  cables  are  pre¬ 
sented  in  table  4.  Examples  of  the  rate  of  heat  release,  smoke  and 
carbon  monoxide  production  as  a  function  of  time  are  presented  in 
Figure  la-c. 
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Table  4.  Cone  calorimeter  results  for  the  three  different  data  cables 


i  P  VC/PE 

1  Casico/PE 

1  FRPVC/FEP 

Heat  Flux,  kW/m2 

30 

40 

50 

30 

40 

50 

30 

40 

50 

70 

Ignition  Time,  s 

42 

26 

9 

143 

85 

45 

80 

37 

11 

7 

Burning  Time,  s 

210 

190 

181 

170 

150 

160 

110 

158 

234 

223 

Mass  loss,  % 

30 

30 

30 

30 

30 

31 

14 

19 

36 

42 

Heat  release  (max),  kW/m 

1.4 

1.6 

2.0 

3.7 

3.9 

4.4 

0.46 

0.48 

0.7 

0.56 

Heat  release  (ave),  kW/m 

1.1 

1.2 

1.3 

2.2 

2.4 

2.3 

0.21 

0.23 

0.28 

0.3 

Heat  of  Combustion,  kJ/m 

240 

230 

230 

380 

370 

380 

35 

43 

66 

70 

Smoke  (SEA),  m2/m 

8.2 

12 

13 

7.3 

8.3 

6.8 

0.9 

2.4 

2.1 

4.3 

CO,  g/m 

0.44 

0.45 

0.52 

0.23 

0.25 

0.25 

0.21 

0.31 

0.82 

1.5 

CO2,  g/m 

15 

15 

15 

25 

24 

25 

2.3 

2.8 

4.2 

5 

CO2/CO  ratio 

34 

33 

29 

109 

96 

100 

11 

9 

5.1 

3.3 

kW/m 


m2/sm 


Figure  1  b.  Smoke  (SEA) 


Figure  la-c.  Cone  calorimeter  results  at  a  heat 
flux  of  50  kW/m2 

The  nature  of  the  combustion  is  generally  described  by  the  ratio 
CO2/CO.  In  a  well  ventilated  fire,  such  as  in  a  cone  calorimeter,  a 
hydrocarbon  based  compound  like  Casico  will  bum  with  a 


kg/ms 


Figure  1c.  Carbon  monoxide 


CO2/CO  ratio  of  the  order  of  100.  It  should  be  noted  that  even  in 
the  well  ventilated  cone  calorimeter,  the  FEP  sample  bums  as  if  in 
an  extreme  oxygen  depleted  environment. 

The  plenum  rated  cable  shows  a  low  carbon  dioxide  formation  and 
accordingly  the  lowest  heat  release.  The  cable  gives  a  smoke  with 
good  visibility.  Carbon  monoxide  formation  is  extensive  at  the 
higher  heat  fluxes.  Due  to  the  high  density  of  FEP,  the  cable  shows 
a  higher  weight  loss  at  the  higher  heat  fluxes  than  the  other  cables. 
It  is  first  at  a  heat  flux  of  70kW/m2  that  all  polymeric  material  is 
decomposed.  Both  the  other  cables  show  complete  decomposition 
at  30k W/m2,  giving  a  weight  loss  of  30%. 

The  LSZH  cable  has  by  far  the  longest  ignition  time  and  the  low¬ 
est  carbon  monoxide  formation.  Carbon  dioxide  formation  and 
heat  release  is  comparably  high.  As  can  be  seen  from  figure  1  the 
peak  heat  release  and  peak  smoke  obscuration  occurs  much  later 
with  the  LSZH  cable  than  the  halogenated  ones.  In  a  fire  situation 
this  should  provide  enough  visibility  and  time  for  escape  before 
flash  over. 

The  standard  PVC  cable  quickly  ignites  and  peak  heat  release,  CO 
and  smoke  obscuration  is  already  achieved  after  about  20  seconds 
at  a  heat  release  of  50  kW/m2  (see  figure  1).  The  FEP  cable  displays 
similar  behaviour  with  the  exception  of  its  effect  on  visibility. 
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Acidity  of  fire  gases 

Strong  acids  are  highly  corrosive,  irritant  and  reactive  substances. 
They  adversely  affect  the  chances  of  escaping  a  fire  due  their  irritant 
action  on  the  eyes,  upper  respiratory  tract  and  lungs.  Pulmonary 
oedema  and  subsequent  death  often  follow  exposure  to  high  con¬ 
centrations,  usually  6  to  48  hours  after  exposure2. 

The  results  of  the  IEC  60754-2  test  for  the  different  data  cables  are 
presented  in  table  5.  In  standards  such  as  DIN  VDE  0266  part  3 
cables  giving  a  pH  below  4.3  are  considered  corrosive  and  are  not 
fulfilling  the  requirement. 


Table  5.  Acidity  of  combustion  fumes 


Jacket/insulation 

pH 

Pass/Fail  DIN  VDE  0266  part  3 

P  VC/PE 

2.9 

Fail 

Casico/PE 

5.4 

Pass 

FRPVC/FEP 

2.6 

Fail 

FEP  insulated  core 

2.9 

Fail 

The  only  cable  giving  neutral  combustion  fumes  is  the  Casico/PE 
cable.  The  PVC  containing  cables  produce  highly  acidic  combus¬ 
tion  fumes.  The  FEP  insulated  cable  core  was  tested  separately. 
Resulting  in  an  acidity  similar  to  that  of  the  PVCs. 

Thermal  stability 

Combustion  reactions  and  the  resulting  decomposition  products  are 
highly  dependant  on  the  molecular  structure  of  the  polymer,  oxy¬ 
gen  concentration  and  temperature.  In  order  to  study  the  decompo¬ 
sition  pattern  for  the  polymers  involved,  TGA  studies  have  been 
performed  both  in  air  and  in  the  complete  absence  of  oxygen. 


Weight  losses  of  the  different  compounds  heated  in  air  at  a  heating 
rate  of  10°C/min  are  presented  in  Figure  2. 


Figure  2.  Weight  losses  in  air  as  a  function  of 
temperature.  Heating  rate  10°C/min 


Under  these  conditions,  weight  loss  for  both  PVCs  is  visible  at 
about  200°C.  Between  200-300°C  the  more  highly  flame  retardant 
PVC  loses  40%  of  its  weight  and  for  the  less  highly  filled  standard 
type  a  loss  of  about  50%  is  observed.  In  this  temperature  range  the 
volatilisation  of  the  plasticisers  takes  place  and  the  aluminium 
hydroxide  added  to  the  FR-PVC  starts  to  decompose.  For  both 
P VC’s  a  rapid  dehydrochlorination  take  place  i.e.  the  formation  of 
volatile  HC1  and  a  more  stable  polymeric  hydrocarbon  residue 
consisting  of  conjugated  unsaturations  (see  below).  At  about 
500°C  the  decomposition  of  this  residue  is  more  or  less  complete. 
Finally,  the  decomposition  of  chalk  (CaC03)  take  place  leaving  a 
stable  residue  of  calcium  oxide  at  about  750-800°C. 

For  the  polyethylene  based  Casico  formulation,  weight  loss  is 
observed  at  about  400°C  and  at  about  500°C  the  decomposition  of 
the  hydrocarbon  chain  is  complete.  A  residue  of  chalk  and  silicon 
oxide  remains1  .  Finally,  the  chalk  starts  to  decompose  at  700°C. 

For  FEP  the  decomposition  takes  place  between  500-600°C.  The 
FEP  sample  contains  no  filler  and  as  expected,  no  residue  over 
600°C  is  observed. 

In  figure  3a-c  the  decompositions  in  air  are  compared  to  those 
occurring  in  a  nitrogen  atmosphere.  As  expected  the  dehydrochlo¬ 
rination  of  the  PVCs  are  not  affected  by  the  change  in  atmosphere. 
The  decomposition  of  the  remaining  hydrocarbon  chain  goes, 
however,  much  more  slowly  in  nitrogen.  Even  at  1000°C  the 
hydrocarbon  chain  does  not  completely  decompose  in  nitrogen. 
This  indicates  that  highly  stable  aromatic  structures  are  formed. 
FEP  and  the  polyethylene  based  compounds  are  more  quickly 
degraded  in  air,  but  no  difference  in  the  residual  amount  is  noticed 
at  temperatures  over  600° C. 


Figure  3a.  PVC 
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Figure  4a.  200°C 


Figure  3c.  FEP 


Figure  4b.  250°C 


Figure  3a-c  Comparative  studies  of  weight  losses 
in  air  and  nitrogen.  Heating  rate  10°C/min. 

Isothermal  investigations  in  air  show  that  the  volatilisation  of  plas¬ 
ticiser  and  dehydrochlorination  is  rapid  at  temperatures  as  low  as 
200°C.  A  slow  decomposition  of  Casico  is  observed  at  300°C  and 
for  FEP  at  400°C.  At  500°C  all  polymers  are  rapidly  volatilised,  fig  4. 


- PVC  Standard 

- Plenum  Jacket 

-  Casico 

.  FEP  Plenum  Insulation 


100  120  140  160  180 

min 


Figure  4c.  300°C 
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Figure  4a-e  Isothermal  degradation  in  air 

Identification  of  combustion  products 

As  in  the  TGA  study,  the  polymers  were  dismantled  from  the 
cables  and  conductors  and  degraded  separately.  FRPVC  has  not 
been  included  in  this  test.  For  the  others,  decomposition  took  place 
at  575°C  for  15  minutes  and  the  fire  gases  were  collected  in  Tedlar 
bags  prior  to  analysis.  The  gas  stream  was  passed  through  a  filter 
in  which  airborne  particles  were  collected.  The  amount  of  airborne 
particles  trapped  in  the  filter  was  measured.  Results  of  the  main  decom¬ 
position  products  have  been  quantified.  The  results  are  presented  in 
Table  6. 


Table  6  Quantification  of  major  decomposition 
products  and  airborne  particles  expressed  as 
gram  gas  per  gram  initial  polymer 


PVC 

Casico 

FEP 

Mass  loss,  % 

70 

69 

100 

Carbon  dioxide  (CO2),  g/g 

0.56 

0.98 

0.49 

Carbon  monoxide  (CO),  g/g 

0.042 

0.065 

0.034 

Hydrogen  Fluoride  (HF),  g/g 

0 

0 

0.49 

Hydrogen  chloride  (HC1),  g/g 

0.15 

0 

0 

Airborne  particles,  g/g 

0.041 

0.028 

0.009 

The  results  explain  the  high  acidity  of  the  combustion  fumes  of  the 
PVC  and  the  plenum  rated  cable  observed  above.  Both  HF  and 
HC1  are  very  strong  acids.  50%  of  the  initial  weight  of  the  FEP 
polymer  is  decomposed  as  HF  and  15%  of  the  PVC  as  HC1.  The 
PVC  compound  contains  approx.  30%  chlorine.  The  results  indicate 
that  only  half  of  this  amount  turns  into  HC1  after  its  degradation. 
This  is  surprising  since  the  TGA  analysis  indicates  a  rapid  and 
complete  dehydrochlorination  even  at  rather  low  temperatures  (see 
fig  2  -  4).  HC1  is,  however,  very  reactive  and  as  will  be  seen  below 
most  of  the  “missing”  chlorine  ends  up  as  chlorinated  hydrocar¬ 
bons. 

As  in  the  cone  calorimeter  experiment,  the  Casico  material  produces 
far  higher  amounts  of  non-toxic  CO2  compared  with  the  halo- 
genated  materials.  The  carbon  monoxide  level  however  differs 
remarkably  from  the  cone  calorimeter  results  in  which  the  Casico 
cable  showed  significantly  lower  CO  levels  than  the  other  materials. 
In  these  test  the  opposite  is  observed.  The  explanation  is  that  the 
cone  calorimeter  shows  what  happens  in  a  well-ventilated  fire.  The 
air  flow  chosen  in  this  experiment  shows  what  happens  in  a  non- 
ventilated  fire.  In  the  tube  furnace  experiment,  the  oxygen  con¬ 
centration  was  reduced  to  about  10%  giving  a  CO2/CO  ratio  of 
approximately  1 5  for  all  materials. 

In  order  to  quantify  the  other  decomposition  products  formed  from 
the  compounds,  a  mass  balance  is  presented  in  table  7.  The  oxygen 
in  CO2  and  CO  is  taken  up  from  the  air  and  the  hydrogen  present 
in  HF  from  moisture  in  the  air.  In  table  7  the  weight  contribution 
from  these  atoms  has  been  withdrawn,  making  it  possible  to  calculate 
how  much  of  the  initial  polymer  has  ended  up  in  other  decompo¬ 
sition  products.  The  result  shows  that  for  all  three  polymers  about 
35%  of  the  polymer  has  ended  up  in  other  more  heavier  decompo¬ 
sition  products. 


Table  7  Mass  balance 


PVC 

Casico 

FEP 

Residue,  % 

30 

31 

0 

CO2  as  C,  % 

15 

27 

13 

CO  as  C,  % 

1.8 

2.8 

1.5 

HF 

0 

0 

47 

HC1;  % 

15 

0 

0 

Airborne  particles,  % 

4.1 

2.8 

0.9 

Totally  identified,  % 

65.9 

63.8 

62.4 

“Missing”,  % 

34.1 

36.2 

37.6 
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In  order  to  identify  the  “missing”  substances,  GC/MS  analysis  was 
performed  on  the  gases  collected  in  the  Tedlar  bags.  The  major 
“missing”  decomposition  products  identified  by  GC/MS  are  sum¬ 
marised  in  order  of  peak  area  size  for  the  respective  polymers  in 
table  8. 


Table  8.  Major  “missing”  decomposition  products 
in  order  of  peak  are  size 


PVC 

Casico 

FEP 

Benzene 

Heptane 

Perfluoropentane 

Toluene 

Benzene 

Trifluoroacetic  acid 

Naphthalene 

Toluene 

Perfluoroethyl  methyl  ester? 

Chlorobenzene 

Phenol 

Mixture  of  perfluorohexane, 
heptane  and  octane 

Dichlorobenzene 

Styrene 

Perfluoroundecane 

Phenol 

Naphthalene 

Perfluoro-oligomers  higher 
than  dodecane 

Butenone 

Hexene 

Perfluorodecane 

Phenylethyne 

Cyclopentadien 

s  Perfluorododecane 

Styrene 

Heptene 

Perfluorononane 

Chlorooctadecane 

Ethylbenzene 

Perfluoropropene  and  other 
fluorinated  C3  substances 

Chlorophenol 

Octene 

Heptafluorobutanoic  acid 

Benzene  dicar- 

Butadiene 

Perfluorobutane  and  other 

boxylic  acid 

fluorinated  C4  substances 

Benzaldehyde 

Xylene 

Perfluoroheptene 

Oleic  acid 

Undecane 

Perfluorocyclopentane 

Chlorohexadecane 

Phenylethyne 

The  identified  substances  have  been  divided  into  different  classes. 
For  PVC  45  different  substances  were  identified.  These  can  be  divid¬ 
ed  into  six  classes  (see  table  9).  For  Casico,  28  different  substances 
representing  three  different  classes  were  identified.  For  FEP,  the 
1 5  different  compounds  identified  were  either  perfluoroaliphatics 
or  fluoro-oxygenated  decomposition  products. 


Table  9  GC/MS  results  expressed  in  area-%  of 
the  major  types  of  decomposition  products  iden¬ 
tified  from  the  different  compounds 


PVC, 

area-% 

Casico, 

area-% 

FEP, 

area-% 

Aliphatic  hydrocarbons 

9.4 

46 

Aromatic  hydrocarbons 

46 

40 

Oxygenated  hydrocarbons 

19 

14 

Chloro-aliphatic  compounds 

11 

Chloro-aromatic  compounds 

10 

Chloro-oxygenated  compounds 

4.6 

Perfluoro-aliphatic  compounds 

62 

Fluoro-oxygenated  compounds 

38 

In  these  non-ventilated  fire  conditions,  PVC  decomposes  primarily 
to  aromatic  hydrocarbons.  Large  amounts  of  both  aliphatic  and  aro¬ 
matic  chlorinated  hydrocarbons  are  formed  in  addition.  With  Casico, 
aliphatic  and  aromatic  hydrocarbons  are  predominantly  formed. 
Fully  fluorinated  chain  fragments  are  mainly  formed  with  FEP,  but 
large  amounts  of  oxygenated  compounds  also  occur,  primarily  triflu- 
oroacetic  acid.  Surprisingly  only  trace  amounts  of  carbonyl  fluo¬ 


ride  were  identified.  In  earlier  investigations  of  the  decomposition 
products  from  a  similar  polymer,  polytetrafluoroethylene,  car¬ 
bonyl  difluoride  was  the  major  decomposition  product3’4. 

Discussion 

Background 

In  an  earlier  publication  the  composition  of  combustion  fumes 
from  a  similar  set  of  cables  has  been  reported5  using  the  classical 
methods  described  in  IMO  MSC  41(64)  using  the  NBS  smoke 
chamber  and  the  IEC  606695-7-50  draft  using  the  Purser  furnace. 
In  both  these  tests,  quantification  of  a  chosen  number  of  gases  are 
performed  by  Fourier  Transformed  Infrared  (FTIR)  gas  detection. 
This  earlier  work  raised  concerns  that  the  techniques  employed 
failed  to  consider  a  significant  part  of  the  decomposition  products. 
The  current  work  addresses  these  issues  by  means  of  a  mass  balance. 

Polyvinyl  chloride  (PVC) 

This  investigation  shows  that  cables  using  standard  PVC  com¬ 
pounds  ignite  easily  and  very  quickly  form  dense  black  smoke  and 
high  hydrogen  chloride  and  carbon  monoxide  levels,  even  in  well- 
ventilated  fires.  Peak  heat  release  is  quickly  reached.  The  results 
confirm  what  has  been  found  in  full-scale  fire  experiments6. 

The  addition  of  a  chlorine  atom  to  a  hydrocarbon  chain  has  a  great 
influence  on  the  polymer’s  thermal  stability  and  its  combustion 
reactions.  The  carbon-chlorine  bond  is  weak  leading  to  the  formation 
of  HC1  even  at  compounding  conditions  i.e.  at  temperatures  below 
200°C,  Fig.  4a  via  a  dehydrochlorimation7; 

H  H  H  H 

~C-C - ►~C  =  C~  +  HC1 

H  Cl 

Non-filled  PVC  contains  57%  chlorine  by  weight.  In  a  typical 
cable  compound  in  which  plasticiser,  chalk  etc.  is  added  the  typical 
chlorine  content  is  reduced  to  about  25-35%.  Fig  2-4  shows  that 
the  evaporation  of  plasticiser  (normally  about  20%  added)  and  a 
complete  dehydrochlorination,  giving  a  weight  loss  of  about  40- 
50%,  occurs  quickly  at  temperatures  over  200°C.  The  polymer 
residue  consisting  of  a  hydrocarbon  chain  with  conjugated  unsat¬ 
urations  starts  to  decompose  at  temperatures  similar  to  that  of 
polyolefins.  As  can  be  seen  from  the  GC/MS  results  presented  in 
table  8  and  9,  the  conjugated  double  bonds  favour,  not  surprising¬ 
ly,  the  formation  of  benzene  and  other  aromatic  structures.  This, 
together  with  the  mode  of  chlorine  as  a  flame  retardant,  is  the 
explanation  for  the  severe  smoke  formation  observed  when  burn¬ 
ing  standard  PVC. 

The  GC/MS  results  show  that  PVC  degraded  at  575°C  gives  an 
HC1  level  of  approx.  15%  (table  6).  This  is  only  about  half  of  the 
theoretical  level,  and  what  the  TGA  study  indicates.  HC1  is  a  very 
reactive  compound  and  the  large  number  of  chlorinated  hydrocar¬ 
bons  identified  (table  8  and  9)  indicates  that  the  remaining  15% 
ends  up  in  these  substances.  Table  10  summarises  the  decomposition 
products  found  from  PVC  in  this  investigation.  The  quantification 
of  the  heavier  aromatic  and  aliphatic  substances  is  made  indirectly 
from  the  mass  balance  and  relative  peak  area  sizes.  It  should  be 
noted  that  this  gives  only  an  approximate  indication  of  the  amount. 
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Table  10  Quantification  of  the  major 
decomposition  products  from  PVC  in 
non-ventilated  fires  (575°C) 


g/g  initial  polymer 

Carbon  dioxide  (C02),  g/g 

0.6 

Carbon  monoxide  (CO),  g/g 

0.04 

Hydrogen  chloride  (HC1),  g/g 

0.15 

Aromatic  hydrocarbons 

0.16  estimated 

Oxygenated  hydrocarbons 

0.07  estimated 

Chlorinated  aliphatics 

0.04  estimated 

Chlorinated  aromatics 

0.03  estimated 

Aliphatic  hydrocarbons 

0.03  estimated 

Chloro-oxygenated  hydrocarbons 

0.02  estimated 

Airborne  particles,  g/g 

0.04 

Residue  (mostly  chalk),  g/g 

0.30 

Total 

1.44 

The  degradation  of  the  sample  in  the  tube  furnace  at  an  airflow  of 
2  litres/minutes  resulted  in  rather  low  oxygen  concentrations  - 
between  8-10%  for  all  polymers.  Accordingly,  the  degradation  was 
performed  under  “non-ventilated  fire  conditions”.  A  low  oxygen 
concentration  favours  the  formation  of  aromatics  and  aliphatics. 
The  combustion  reactions  for  PVC  under  different  fire  conditions 
are  summarised  in  figure  5. 


-  CH2  -  CH  - 


C02  +  H20  +  HC1 


Cl 


Reality 

o2  +  h2o 


HC1  +  aromatics  + 
chlorinated  aromatics 
+  aliphatics  +  chlorinated 
aliphatics  +  SOOT 


C02  +  HC1  +  CO  +  H20 
Aromatic  and  aliphatic  hydrocarbons 
Chlorinated  aromatics  and  aliphatics 
Oxygenated  aromatics  and  aliphatics 
Chloro/oxygenated  aromatics  and  aliphatics 
+  SOOT 


Figure  5  Combustion  reactions  of  PVC  under 
different  fire  conditions 

Halogen  acids  are  the  source  of  the  corrosive  effects  of  burning 
PVC  and  are  cited  as  the  cause  of  serious  pulmonary  illnesses 
observed  in  fire  victims  and  fire  fighters. 

Several  authors  however,  have  observed  that  the  irritancy  of  the 
smoke  from  PVC  is  more  than  can  be  explained  by  the  formed  levels 
of  CO  and  HC1  alone8,9,10.  It  has  been  long  known  that  many  halo- 
genated  hydrocarbons  are  carcinogenic  and  toxic  on  inhalation11. 
However,  no  studies  covering  the  influence  of  such  substances  on 
escape  from  fires  have  been  found.  In  table  1 1  some  of  the  avail¬ 
able  toxicity  and  irritancy  data  in  the  literature  have  been  collect¬ 
ed.  The  data  is  expressed  as  Lethal  concentration  50%  (LC50)  i.e. 
the  concentration  statistically  calculated  to  cause  deaths  of  half  of 
the  test  animals  (mice)  exposed  to  a  toxicant  for  a  specified  time. 
The  irritancy  of  the  substances  is  expressed  as  its  Respiratory 
Depression  50%  (RD50)  value  i.e.  the  statistically  calculated  con¬ 


centration  of  an  irritant  required  to  reduce  the  breathing  rate  of 
laboratory  rodents  by  50%  after  10  minutes  exposure12. 


Table  11  LC50  and  RD50  values  of  potential  fire  gases 


Polymer/Decompo¬ 
sition  products 

LC50  (30  minutes 
exposure)  in  rats, 
mg/I  polymer  ppm 

RD50  (10  minutes 
exposure),  ppm 

Wood  (DIN)  Well 

24-48 

ventilated 

Polyethylene 

10-100  (XLPE, 

brominated)8 

PVC 

109 

100-10008 

PTFE 

0.05-2.9  13 

Carbon/oxygen  con¬ 

taining  compounds; 

Carbon  dioxide 

90  000 

Carbon  monoxide 

3.79 

3250 13, 3500u, 

110014 

460015 

Acetone 

77516s 

Ethanol 

27314s 

Formaldehyde 

0.92 

82513 

3.13s 

Acetaldehyde 

5015 

Acrolein 

0.32 

13513,15 

1.68s 

Aromatics; 

Xylene 

500s 

Styrene 

980s 

Methyl  styrene 

800s 

Ethyl  styrene 

800s 

Chlorine  con¬ 

taining  compounds; 

Chlorine 

0.3 

10013 

Hydrogen  chloride 

5.8 

380013,  2000- 

3098,  2006 

400015 

Phosgene 

0.32 

7513 

(Carbonyl  chloride) 

Alpha-chloroaceto- 

0.96s 

phenone 

Chloromethane 

9000s 

Hexachloropropene 

42516 

Fluorine  containing 

compounds; 

Fluorine 

0.58 

37013 

Hydrogen  fluoride 

1.88 

225013 

120s 

Carbonyl  fluoride 

1.96 

72013 

Perfluoroisobutylene 

0.047 

0.5  ppm 

Approximate  lethal  concen¬ 

tration  4  hours  (ALC)17 

2-fluoroethyl  fluoroacetate 

0.02 

5.713 

Others; 

Oxygen 

Min. 

6700014 

- 

Hydrogen  cyanide 

0.23 

20013,  11015 

6314 

Hydrogen  bromine 

3800 

2006 

Sulphur  dioxide 

4006 

117s,  306 

Nitrogen  dioxide 

0.3 

15513 

25s 

These  data  show  that  aromatics  such  as  xylene  and  styrene  show 
some  irritant  effects  but  a  chlorinated  aromatic,  chloroacetophe- 
none,  is  highly  irritant. 
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Carbon  monoxide  is  claimed  to  be  present  at  lethal  levels  in  50% 
of  fatalities  in  fire  victims18  and  is  probably  the  major  cause  of  fire 
death  other  than  bums19.  Carbon  monoxide  has  a  similar  LC50 
value  as  HC1,  but  HC1  is  a  much  more  irritant  and  corrosive  sub¬ 
stance.  HC1  is  also  formed  in  much  larger  amounts  than  carbon 
monoxide  from  a  PVC  fire  (table  10).  Accordingly  HC1  is  the  most 
critical  component  in  the  fire  gases  from  PVC  for  humans  as  well 
as  for  equipment.  The  influence  of  the  large  amounts  of  chlorinat¬ 
ed  hydrocarbons  formed  during  combustion  of  PVC  on  the 
chances  of  escape  from  a  fire  is  not  yet  understood.  Many  of  these 
substances  are  highly  carcinogenic  and  areas  exposed  to  these  fire 
gases  have  to  be  carefully  cleansed  by  protected  personal  prior  to 
reuse. 

The  Beverly  Hills  Supper  Club  fire  was  one  of  the  largest  PVC  wire 
insulation  fires  of  the  1970s  and  its  consequences  have  been  well 
documented20.  In  that  fire,  161  people  died  without  being  in  direct 
contact  with  flames  and  long  before  the  carbon  monoxide  had 
reached  a  concentration  which  affected  the  rescuers. 

One  of  the  survivors  gave  the  following  description  of  the  effect  of 
being  exposed  to  PVC  fire  fumes;  “The  reservationist  of  the 
Supper  Club  noticed  white-to-grey  wispy  smoke  whirling  down 
from  the  ceiling  of  the  Zebra  room.  When  she  entered  that  room, 
it  wound  about  her  head,  and  she  stumbled  out  of  the  room  imme¬ 
diately.  Her  eyes  were  so  irritated  and  watery  that  she  could  not 
see,  and  her  nasopharyngeal  area  burned  and  filled  with  fluid.  Her 
finger  nail  polish  reacted  with  the  smoke,  and  her  fingernails  were 
eaten  through.  She  developed  second-degree  bums  wherever  the 
wispy,  grey- white  smoke  touched  her”.  About  one  third  (239  out 
of  700)  of  the  fire  fighters  who  attended  the  fire  required  medical 
attention.  Many  of  these  suffered  adverse  effects  to  health,  most 
commonly  linked  to  their  respiratory  function,  for  years  after¬ 
wards. 

Casico 

Compared  with  halogenated  materials  cables  sheathed  with  Casico 
have  long  ignition  times  and  form  low  amounts  of  carbon  monox¬ 
ide  in  well  ventilated  fires.  They  do  however  attain  higher  heat 
releases.  Peak  levels  of  heat  release  and  smoke  occur  late  in  the 
combustion  process. 

The  TGA  investigations  show  that  the  polyolefin  base  copolymer 
is  rather  stable.  Decomposition  is  noticeable  at  about  300°C  in  air 
and  400°C  in  nitrogen. 

Table  12  summarises  the  decomposition  products  found  from 
Casico  in  non- ventilated  fire  conditions  at  575°C. 


Table  12.  Quantification  of  the  major  decomposition 
products  from  Casico  in  non-ventilated  fires  (575°C) 


g/g  initial  polymer 

Carbon  dioxide  (CO2) 

0.98 

Carbon  monoxide  (CO) 

0.065 

Aliphatic  hydrocarbons 

0.16  estimated 

Aromatic  hydrocarbons 

0.14  estimated 

Oxygenated  hydrocarbons 

0.05  estimated 

Airborne  particles 

0.028 

Residue  (Chalk  with  traces  of  silicone  oxide) 

31 

Total 

1.89 

Compared  with  PVC,  the  absence  of  conjugated  unsaturations  in 
polyolefins  favours  the  formation  of  rather  harmless  aliphatic 
hydrocarbons.  Accordingly  it  results  in  a  reduced  formation  of 
soot  and  polyaromatics.  Carbon  monoxide  is  the  main  critical 
component  in  the  fire  gases  from  polyolefins.  In  well  ventilated 
fires  the  carbon  monoxide  formation  is  much  lower  than  for  halo¬ 
genated  polymers.  In  non-ventilated  fires  somewhat  higher  levels 
are  reached.  Aromatic  hydrocarbons  show  a  slight  irritant  effect 
and  seem  to  be  the  main  irritants  in  the  fire  gases  from  polyolefins, 
table  1 1 .  Combustion  reactions  of  halogen  free  polyolefins  is  sum¬ 
marised  in  figure  6. 


Figure  6  combustion  reactions  of  halogen  free 
polyolefins  under  different  fire  conditions. 


Fluorinated  Ethylene  Propylene  Copolymer  (FEP) 

FEP  is  a  copolymer  of  tetrafluoroethylene  and  hexafluoropropylene. 
It  has  most  of  the  desirable  properties  of  the  original  fluoropolymer, 
polytetrafluoroethylene  (PTFE).  Copolymerisation  with  hexafluo¬ 
ropropylene  results,  however,  in  a  side  branch  which  decreases  its 
melting  point,  making  it  possible  to  process  FEP  by  conventional 
extrusion  techniques.  Accordingly,  both  have  a  similar  chemical 
structure  and  are  fully  fluorinated  polymers  consisting  of  76%  flu¬ 
orine  by  weight. 

Having  a  limited  oxygen  index  of  95%,  FEP  is  highly  flame  retardant. 
Cone  calorimetry  shows  that  the  FEP  insulated  plenum  cable  bums 
with  a  low  heat  release  and  forms  a  thin  white  smoke  giving  good 
visibility.  The  cable  shows,  however,  low  ignition  times  and  high 
carbon  monoxide  levels  especially  at  heat  fluxes  over  40kW/m2. 

The  TGA  investigation  show  that  FEP  starts  to  decomposes  at 
approx.  400°C  in  air.  In  nitrogen  the  decomposition  temperature  is 
increased  by  about  40°C.  The  C-F  bond  strength  is  approx. 
115kcal/mol  compared  with  less  than  100  kcal/mol  for  the  C-H 
bond  in  a  hydrocarbon21.  This  accounts  for  the  high  thermal  stabili¬ 
ty  of  the  polymer. 

GC/MS  study  of  the  fire  gases  of  FEP  is  summarised  in  table  13. 
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Table  13.  Quantification  of  the  major  fire  gases  from 
FEP  at  non-ventilated  fire  conditions  at  575°C 


g/g  initial  polymer 

Carbon  dioxide  (CO2) 

0.49 

Carbon  monoxide 

0.034 

Hydrogen  fluoride 

0.49 

Perfluoro  aliphatics 

0.23  estimated 

Fluoro-oxygenated  compounds 

0.14  estimated 

Airborne  particles 

0.009 

Residue 

0 

Total 

1.393 

A  large  amount  of  hydrogen  fluoride  was  identified.  About  half  of 
the  original  polymer  ended  up  as  HF,  which  is  three  times  as  much 
as  the  HC1  content  from  the  PVC  sample.  Like  hydrogen  chloride, 
hydrogen  fluoride  a  strongly  irritant  acid.  It  is  said  to  be  highly 
irritant  at  a  level  of  120  ppm  compared  with  200  ppm  for  HC16.  It 
has  a  somewhat  lower  LC50  value,  2250  ppm,  than  that  which  is 
commonly  reported  for  HC1  (tablet  1).  Carbon  monoxide  was  in 
the  same  range  as  for  the  other  polymers  and  comparably  lower 
than  in  the  well  ventilated  cone  calorimeter  experiment.  Large 
amounts  of  fully  fluorinated  aliphatics  and  fluoro-oxygenated 
compounds,  especially  trifluoroacetic  acid,  were  also  observed. 

An  unsaturated  perfluoroaliphatic  like  perfluoroisobutylene 
(PFIB)  is  reported  to  be  very  toxic  having  an  Approximate  Lethal 
Concentration  of  only  0.5  ppm  after  6  hours  exposure  to  rats  i.e. 
six  times  as  toxic  as  phosgene17.  On  the  other  hand  substances  such 
as  tetrafluoroethylene  and  hexafluoropropene  are  harmless,  with 
ALC  values  of  40,000  and  2650  ppm  after  six  hours  exposure  to 
rats22.  PFIB  has  not  been  specifically  sought  in  this  investigation. 
In  most  published  works  on  the  decomposition  of  PTFE  it  is  how¬ 
ever  reported  to  be  present4-9,22.  Fluoro-oxygenated  compounds  such 
as  carbonyl  fluoride  have  a  relatively  low  LC50/30  min  value  of 
720  ppm  while  a  substance  like  2-fluoroehtylfluoroacetate  is  very 
toxic  having  a  LC50/30  min  value  of  5.7  ppm13.  Trifluoroacetic 
acid  is  a  highly  corrosive  substance.  Its  vapour  mist  is  very  irritat¬ 
ing  and  can  be  destructive  to  the  eyes  and  respiratory  system23. 
Some  workers  have  reported  carbonyl  difluoride  to  be  the  major 
decomposition  product  of  PTFE  and  FEP3- 24.  In  our  investigation, 
where  the  continuous  air  flow  contained  2000  ppm  water,  only 
trace  amounts  of  carbonyl  difluoride  were  found.  If  water  is 
present  carbonyl  difluoride  is  quickly  hydrolysed  to  carbon  dioxide 
and  water: 

O 

F-C-F  +  H20 — ►2HF  +  C02 

Our  recently  reported  work5  including  testing  of  a  FEP  containing 
plenum  cable  according  to  IMO  MSC.41  (64),  a  test  in  which  the 
hazard  is  assessed  by  virtue  of  the  individual  concentration  of  a 
number  of  specified  gases.  Including  HF  but  not  carbonyl  difluoride. 
Only  a  small  amount  of  HF  was  identified.  This  test  is  performed 
in  a  closed  chamber,  which  probably  results  in  so  small  an  amount 
of  water  that  carbonyl  fluoride  will  be  the  main  toxic  component 
in  these  conditions. 

The  main  decomposition  reactions  of  FEP  are  outlined  in  Figure  7. 


Figure  7.  Decomposition  reactions  of  FEP 
under  different  fire  conditions 


The  current  investigation  shows  that  FEP  produces  a  comparative¬ 
ly  low  amounts  of  airborne  particles.  However,  under  certain  fire 
conditions  it  has  been  found  that  such  particles  from  FEP/PTFE 
can  be  “super  toxic” 3- 13'  17,22.  The  particulate  consists  of  FEP/PTFE 
chain  fragments  with  molecular  weights  in  the  2000-4000  range, 
and  a  number  of  particles  in  the  0.01-0.15um  diameter  range13. 
When  small  pieces  of  PTFE/FEP  are  decomposed  in  such  way  as 
to  produce  extreme  toxicity,  the  normal  decomposition  products 
(HF,  carbonyl  difluoride,  PFIB  etc)  are  present  at  concentrations 
too  low  to  have  any  toxic  effect.  Rats  exposed  to  these  conditions 
do  not  show  signs  of  sensory  irritation,  but  at  some  time  during  a 
30  minute  exposure  they  develop  a  pattern  of  rapid  shallow  breath¬ 
ing  indicative  of  irritation  of  the  deep  lung.  The  rats  usually  die 
within  a  few  hours  following  exposure  and  the  pathological  signs 
are  those  of  severe  pulmonary  oedema  and  congestion13.  Mice  sur¬ 
viving  exposure  to  the  particulate  show  irreversible  damage  to  the 
lung25. 

The  highest  toxicity  occurs  when  perfluoropolymers  are  decom¬ 
posed  under  non-flaming  conditions  across  a  temperature  range  of 
400-65 0°C,  and  when  the  primary  decomposition  products  are 
subjected  to  continuous  secondary  heating13.  Under  these  condi¬ 
tions  PTFE  achieves  an  LC50  value  of  0.05mg/l  (mass  loss), 
approximately  1000  times  as  toxic  as  wood  and  most  other  mate¬ 
rials.  When  the  polymer  is  decomposed  under  such  conditions  that 
the  super  toxic  particles  are  not  formed  the  LC50  value  is  typically 
2.9mg/l,  approximately  ten  times  as  toxic  as  wood  and  other  mate¬ 
rials.  Toxicity  in  this  case  is  due  to  upper  respiratory  tract  and  air¬ 
way  irritation  and  is  consistent  with  the  known  effects  of  hydrogen 
fluoride  and  carbonyl  fluoride13. 

It  is  also  reported  that  the  decomposition  products  of  perfluoro 
polymers  may  cause  an  influenza-like  illness,  “polymer  fume 
fever”  when  heated  above  300°C  in  an  oven,  an  extruder,  or  even 
by  friction  of  a  tool  edge  against  the  polymer  in  high  speed 
machines25.  The  symptoms  normally  occur  a  few  hours  after  expo¬ 
sure  with  a  gradual  increase  in  temperature,  pulse  and  possibly  res¬ 
piration  rate,  followed  in  most  cases  by  episodes  of  shivering  and 
sweating  and  a  rapid  consequent  recovery26. 
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Conclusions 

1.  A  mass  balance  has  demonstrated  potential  to  quantify  all 
products  of  decomposition. 

2.  GC/MS  has  been  shown  to  be  a  procedure  amenable  to  this 

study. 

3.  The  chemical  structure  of  the  polymer  is  the  main  parameter 
deciding  fume  composition  and  hence  its  irritancy  and  toxicity. 

4.  The  model  fire  conditions  strongly  influence  CO2/CO  and  aro¬ 
matic/aliphatic  ratios. 

5.  The  GC/MS  study  revealed  the  combustion  fumes  to  contain 
(in  order  of  mass); 

PVC 

CO2,  aromatic  hydrocarbons,  HC1,  oxygenated  hydrocarbons, 
airborne  particles,  CO,  chloro-aromatics,  aliphatic  hydrocar¬ 
bons.  The  principal  hazard  is  the  extreme  irritancy  of  the 
HC1/CO  combination  and  the  short  and  long  term  toxicity  of 
the  halogenated  hydrocarbons. 

LSZH 

CO2,  aliphatic  hydrocarbons,  aromatic  hydrocarbons,  CO, 
oxygenated  hydrocarbons  and  airborne  particles.  The  principal 
hazard  is  CO. 

FEP 

HF,  CO2,  perfluoroaliphatics,  fluoro-oxygenated  hydrocar¬ 
bons,  CO  and  airborne  particles.  The  principal  hazard  is  the 
massive  formation  of  corrosive  and  irritant  HF  and,  under  certain 
fire  conditions,  the  formation  of  very  toxic  airborne  particles. 
Dependant  on  the  fire  conditions,  the  decomposition  products 
of  fully  fluorinated  polymers  are  reported  to  be  10-1000  times 
more  toxic  than  most  other  polymers 13. 

6.  It  should  be  noted  that  in  some  previously  reported  studies 
involving  FEP,  large  amounts  of  carbonyl  difluoride  have  been 
identified,  a  substance  somewhat  more  toxic  than  HF.  It  is 
believed  that  under  the  more  humid  conditions  chosen  in  this 
work,  with  an  air  (2000ppm  water)  flow  of  2  litres  per  minute, 
carbonyl  difluoride  is  hydrolysed  to  HF  and  CO2. 

7.  A  large  number  of  chlorinated  and  fluorinated  substances  of 
unknown  effects  on  humans  are  formed  from  FEP  and  PVC. 
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Abstract 

Polyethylene  (PE)  black  cable  jacketing  compounds  containing 
2.35  -  2.85  wt%  carbon  black  (CB)  have  been  widely  used  in  the 
wire  and  cable  industries.  These  cable  jacket  materials  offer 
excellent  performance  and  properties,  such  as  processability, 
environmental  stress  crack  resistance  (ESCR),  tensile  strength, 
low  temperature  properties,  shrinkage,  moisture  resistance  and 
ultraviolet  (UV)  stability.  These  performance  characteristics  are 
attributed  to  the  resin  morphology  and  structure  of  the  resin  such 
as  the  molecular  weight  (Mw),  molecular  weight  distribution 
(MWD),  short-chain  branching,  and  CB  filler  dispersion. 

Jacketing  compounds  were  produced  with  several  PE  resins  and 
black  master  batches  (MB)  using  both  commercial  batch  and 
continuous  mixers.  The  compounds  produced  by  the  continuous 
mixer  exhibited  significant  change  in  melt  index  (MI),  melt 
viscosity,  and  elasticity  number,  compared  to  those  compounds 
prepared  by  the  batch  mixer.  The  change  derives  from  the 
development  of  long  chain  branching  (LCB)  coupled  with  the 
degradation  processes.  The  compound  with  higher  LCB  level 
shows  poorer  ESCR,  higher  shrinkage,  and  higher  extrusion  head 
pressure  than  that  with  lower  LCB.  For  a  given  resin  formulation, 
the  change  in  structure  was  related  to  the  thermo-mechanical 
stability  of  the  CB  master  batches  (CB  MB). 

A  new  commercial  CB  MB  has  been  developed  to  minimize  this 
change  and  yield  performance  enhancements  compared  to 
traditional  MBs.  The  enhanced  performance  is  the  result  of  an 
improved  thermo-mechanical  stability  with  excellent  CB 
dispersion. 


Introduction 

PE  based  jacketing  compounds  containing  2.35  to  2.85wt% 
carbon  black  (CB)  have  been  used  for  telecommunication,  fiber 
optics,  coaxial,  and  power  cables  in  the  wire  and  cable  industries. 
This  wide  range  of  jacketing  end-uses  can  be  attributed  to  the 
unique  combination  of  excellent  mechanical  properties,  long¬ 
term  weatherability,  processability,  and  performance 
characteristics  for  cable  design  and  applications  [1-4].  Telecom 
applications  require  excellent  environmental  stress  crack, 
processability,  and  low  temperature  brittleness  whereas  power 
cables  need  excellent  high  temperature  resistance.  Fiber  optic 
cables  construction  requires  not  only  excellent  mechanical 
strength  but  also  superior  environmental  stress  crack  resistance 
and  minimum  jacket  shrinkage.  Thus,  the  selection  of  suitable 
jacketing  material  for  a  specific  application  is  critical  to  provide  a 
good  balance  in  all  properties  of  importance. 

There  are  several  ways  of  compounding  jacketing  materials 
commercially.  Two  of  the  most  common  type  of  equipment  in 
jacket  compounding  are  continuous  mixers  such  as  a  Farrel 
Continuous  Mixer  (FCM)  and  batch  type  mixers  such  as  a 
Banbury  Mixer  (BM).  Each  mixer  has  its  advantage  and 
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disadvantage  for  commercial  use  and  the  selection  of  suitable 
compounding  equipment  depends  on  a)  equipment  price,  b) 
machine  capabilities,  c)  flexibility  of  operation,  d)  machine 
quality  and  reliability,  e)  technical  assistance,  and  f)  others.  In 
general,  a  FCM  provides  better  productivity  than  a  BM. 
However,  a  high  shear  mixing  process  for  FCM  sometimes  leads 
to  product  quality  problem  resulting  from  a  degradation  process 
present  during  the  compounding  process. 

We  produced  several  commercial  jacketing  compounds  with 
ranges  of  MI  (  0.2  to  0.9  g/10  minutes)  and  densities  (0.930  to 
0.950  g/cc).  It  was  found  that  the  FCM  compounds  produced 
significant  change  in  structure  compared  to  those  from  the  BM. 
We  investigated  the  nature  and  origin  of  such  a  structural  change 
and  the  effect  of  the  structural  change  on  the  performance  of 
compounds.  It  is  also  our  aim  to  explore  the  way  of  minimizing 
such  a  structural  change  occurring  during  the  jacket 
compounding  process  or  during  end-use  applications. 


Experimental 

Materials 

Jacketing  compounds  were  produced  with  2.4  to  2.6  wt%  CB 
content  from  the  CB  MB  “A”  and  “B”  using  the  commercial  BM 
and  FCM.  All  compounds  contain  suitable  antioxidant  packages. 

Methods 

A  Rheometrics  ARES  equipped  with  parallel  plates  was  used  to 
determine  the  complex  viscosity  as  a  function  of  frequency  at 
190  0  C  for  base  PE  resins  and  compounds.  We  also  estimated  the 
melt  elasticity  number  (ER)  from  the  G’ (storage  modulus)  and 
G”(loss  modulus)  curves  from  the  dynamic  data  [5].  A  TA 
Instruments  2910  DSC  was  used  to  determine  melting  and 
crystallization  of  compounds.  Tensile  properties  were 
determined  by  ASTM  D-638.  ESCR  was  determined  by  ASTM 
NCTL  D5397  which  is  a  stress  cracking  under  a  constant  tensile 
load  (30%  of  yield  stress)  condition  and  an  accelerated 
environmental  condition  in  10%  Igepal. 

Thermo-mechanical  stability  tests  were  carried  out  using  a 
Haake  Rheomex  90  at  80  RPM  and  230  0  C  for  the  master 
batches.  The  master  batch  was  let  down  into  a  LDPE  (1.0  MI, 
0.920  density)  with  5.2wt%  CB.  We  monitor  a  torque  rise  as  a 
function  of  mixing  time.  The  torque  rise  was  used  as  a  measure 
of  stability  and  confirmed  later  from  the  rheological  testing  from 
the  stability  tested  samples. 

Wire  extrusion  runs  were  carried  out  on  a  64  mm  Davis- Standard 
line  using  a  double  angle  die  and  24  AWG  Cu  at  180  m/minute  to 
prepare  cable  insulation  for  shrinkage  tests  and  to  determine 
processibility.  Shrinkage  tests  were  conducted  on  10  specimens 
of  15  cm  long  insulation  (with  removal  of  wire)  by  aging  at  100  0 
C  for  24  hours. 
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Results  and  discussion 

Table  1  shows  MI  and  densities  of  the  PE  base  resins,  PE-A  and 
PE-B  and  the  jacketing  compounds.  As  expected,  addition  of  CB 
reduces  MI  and  raises  density  as  compared  the  base  resin  to  the 
compound.  We  observed  more  dramatic  change  in  MI  between 
the  FCM  and  the  BM  compounds.  The  FCM  compound  acts  like 
higher  molecular  weight  (Mw)  material  than  the  BM  (based  on  an 
inverse  relation  of  MI  to  Mw).  Since  each  compound  in  the 
group  has  the  identical  formulation,  lowering  MI  for  the  FCM 
compound  resulted  from  the  experence  of  chain  extension  or 
cross-linking  reaction  coupled  with  a  degradation  process  during 
the  high  shear  compounding  process.  An  enhanced  viscosity  at 
the  low  frequency  region  (Figure  1)  supports  a  presence  of  a 
degradation  process  leading  to  a  development  of  higher  viscous 
compound. 


Table  1 

.  Basic  data  for  the  compounds 

Compound 

Mixing  2) 
equipment 

Master 3}  batch 

Ml 

Density 

PE-A 

- 

. 

0.70 

0.920 

A-1 

BM 

A 

0.66 

0.931 

A-2 

FCM 

A 

0.60 

0.930 

PE-B 

. 

. 

0.73 

0.931 

B-1 

BM 

B 

0.72 

0.941 

B-2 

FCM 

B 

0.48 

0.941 

C-1 

BM 

A 

0.18 

0.946 

C-2 

FCM 

A 

0.13 

0.947 

D-1 

BM 

A 

0.28 

0.949 

D-2 

FCM 

A 

0.20 

0.949 

1)  PE-A  and  PE-B  are  the  PE  base  resins  of  the  compounds  in  Groups  A  &  B 

2)  BM  stands  for  Banbury  Mixer  and  FCM  =  Farrel  Continuous  Mixer 

3)  A  and  B  are  31%  CB  master  batches  based  on  LDPE  and  MDPE. 


Figure  1.  Dynamic  rheological  data  for  the 
compounds 


As  shown  in  Table  2,  a  change  in  MI  shows  little  effect  on  the 
crystallization  behavior  such  as  crystalline  melting  (Tm), 
crystallization  (Tc),  and  heat  of  fusion  (a  measure  of 
crystallinity).  Such  a  very  similar  crystallization  behavior  for  the 
compounds  in  each  group  leads  to  similar  tensile  properties  of  the 
compounds  such  as  yield  strength,  elongation  at  break,  and 
tensile  strength  (Table  3).  An  increase  in  yield  strength  going 
from  group  A  to  D  results  from  increase  in  density  (crystallinity). 


Table  2.  DSC  data  for  the  compounds 


I  Compound 

Tm  ° 
c 

Tc  0 
C 

Heat  of  Fusion 
J/g 

A-1 

118 

108 

106 

A-2 

118 

108 

105 

B-1 

123 

112 

146 

B-2 

124 

111 

143 

C-1 

126 

116 

161 

C-2 

126 

116 

160 

D-1 

128 

117 

197 

D-2 

128 

116 

193 

Table  3. 1 

fensile  data  for  the  compounds 

Compound 

Yield  Strength 
Mpa 

Elongation  % 

Tensile  Strength 
Mpa 

A-1 

10.1 

910 

21.5 

A-2 

10.6 

830 

21 

B-1 

17.7 

890 

27 

B-2 

.  17.0 

920 

28.1 

C-1 

20.2 

890 

31.1 

C-2 

20.3 

910 

31 

D-1 

22.6 

580 

22.7 

D-2 

23.3 

750 

23.3 

Table  4  shows  the  melt  viscosity,  melt  elasticity  parameter  (ER), 
extrusion  data,  and  shrinkage  of  the  base  resins  and  compounds. 
For  a  given  linear  PE,  ER  is  associated  with  the  level  of  long 
chain  branching  (LCB)[5].  The  addition  of  CB  into  PE  base  resin 
raises  both  melt  viscosity  and  ER  as  compared  to  the  base  PE 
resin  to  the  compound  such  as  PE-A  to  A-l  or  A-2  and  PE-B  to 
B-l  or  B-2.  Addition  of  fine  solid  particles  into  liquid  enhances 
viscosity  of  mixture  due  to  a  volumetric  effect  of  solid  particles 
with  large  surface  area.  In  general,  an  addition  of  inorganic  filler 
reduces  melt  elasticity  such  as  die  swell  [6].  Also,  addition  of 
CB  into  the  PE  matrix  with  2.4  to  2.6%  does  not  contributes  the 
formation  of  any  levels  of  LCB.  However,  increase  in  ER  on 
adding  CB  results  from  a  certain  extent  of  LCB  addition  in  the 
PE  matrix  phase.  We  believe  that  an  increase  in  ER  is  due  to  the 
presence  of  chain  extension  or  cross-linking  reaction  coupled 
with  a  degradation  of  the  high  shear  FCM  process.  A  presence  of 
CB  appears  to  be  promoting  degradation  process,  leading  to  the 
dramatic  enhancement  in  viscosity  as  well  as  elasticity.  We  will 
show  more  evidence  to  support  this  observation.  Such  a 
viscoelastic  enhancement  of  the  FCM  compounds  results  in 
increased  extrusion  head  pressure.  Higher  shrinkage  shown  by 
the  FCM  compound  appears  to  be  due  to  more  residual  stress 
associated  with  the  slower  relaxation  behavior  of  higher  LCB, 
compared  to  the  BM. 
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Table  4.  Melt  viscosity,  elasticity  number  (ER), 
extrusion  head  pressure,  and  shrinkage  data  for 
_  the  compounds  _ 


Compound 

viscosity 11  kPa 

; :  S 

Head  r : 
Pressure 
Moa 

Shrinkage  % 

PE-A 

20.2 

3.0 

. 

. 

A-1 

21.3 

3.3 

16.0 

5.2 

A-2 

30.5 

4.1 

18.2 

6.0 

PE-B 

20 

3.6 

. 

. 

B-1 

20.2 

4.0 

17.4 

5.3 

B-2 

25.7 

5.2 

19.5 

7.8 

C-1 

49.1 

4.5 

25.0 

6.6 

C-2 

58.7 

6.7 

27.5 

7.4 

D-1 

40.9 

5.6 

21.6 

4.5 

D-2 

51.4 

7.4 

23.5 

6.3 

1)  Taken  at  0.1  rad/sec 


It  is  interesting  to  note  some  correlation  between  structure  and 
ESCR.  In  general,  higher  Mw  (lower  MI)  in  linear  PE  resins 
shows  better  ESCR,  when  other  structural  parameters  such  as 
MWD,  density,  and  comonomer  type  remains  similar.  This  is 
based  on  the  fact  that  the  longer  the  polymer  chains  and  random 
coil  length,  increases  the  population  of  tie  chains  [7,8]. 
Consequently,  the  ESCR  goes  up  with  Mw.  Theoretical 
calculations  predict  a  maximum  in  the  tie  chains  probability 
versus  density  at  about  0.935  [9].  For  higher  density  than  0.935, 
lamella  thickness  is  large  which  reduces  the  number  of  effective 
tie  chains  due  to  folding  of  chains  on  the  same  lamellae.  Thus,  for 
density  above  0.935,  it  is  expected  that  ESCR  will  decrease  with 
an  increase  in  density  provided  the  other  molecular  structure 
variables  such  as  Mw,  MWD,  and  comonomer  type  remains 
same. 

Table  5  shows  ESCR  data  of  the  PE  base  resin  and  compounds  in 
relation  to  MI,  density,  and  ER.  We  observed  the  followings:  1). 
PE  base  resin  shows  better  ESCR  than  the  compound,  2)  ESCR 
decreases  with  an  increase  in  density,  3)  lower  MI  reduces  ESCR, 
4)  For  a  given  density  (>  0.935),  higher  ER  reduces  ESCR. 
Interestingly,  compounds  A-l  and  A-2  showed  little  change  in 
ESCR  in  spite  of  dramatic  change  in  MI,  viscosity,  and  elasticity. 
This  might  be  due  to  the  nature  of  such  a  lower  density  for  the 
compounds.  Basically,  the  reduction  in  MI  results  from  an 
increase  in  not  Mw  but  LCB.  An  evidence  for  this  statement  will 
be  given  in  the  later  section. 


The  reduction  in  ESCR  for  the  higher  density  (>  0.935) 
compound  with  a  higher  level  of  LCB  appears  to  be  resulting 
from  the  combined  effects:  1)  higher  LCB  relatively  reduces  the 
population  of  tie  molecules  and  2)  slower  relaxation  process 
leads  to  more  build-up  of  residual  stress  during  the  cooling  stage. 
More  work  is  needed  to  confirm  this  observation.  The  significant 
effect  of  residual  stress  on  the  reduction  of  ESCR  has  been 
discussed  in  the  literature  [10]. 

A.  Root  cause  of  enhanced  melt 
viscosity  and  elasticity 

In  order  to  understand  higher  viscosity  and  ER  from  the  FCM 
compound  compared  to  the  BM,  we  treated  the  base  PE-B 
(without  CB  addition)  using  the  Haake  mixer  at  230  0  C  for  10 
minutes  (referred  to  sample-I)  and  30  minutes  (sample-II).  longer 
treatment  produces  more  degradation  than  shorter.  As  shown  in 
Figure  2,  sample-II  showed  much  higher  viscosity  at  the  low 
frequency  range  (<  0.1  rad/sec)  than  sample-I.  Sample-II  also 
showed  much  higher  ER  (=  8.2)  than  sample-I  (ER-  6.0). 
Untreated  PE  pellets  showed  a  ER  of  5.2.  This  rheological  data 
indicate  that  sample-II  acts  like  a  higher  Mw  (lower  MI)  material 
than  sample-I.  Such  an  enhancement  in  viscosity  and  ER  for 
sample-II  resulted  from  a  presence  of  more  of  the  degradation 
process  developed  by  the  longer  thermo-mechanical  treatment. 
This  viscosity  and  ER  variation  between  sample-I  and  -II  is 
similar  to  that  between  the  BM  and  FCM  compounds. 

Figure  2.  Dynamic  rheological  data  for  the 
stability  tested  PE  resins:  sample-I  (10  minutes 
treated)  and  sample-II  (30  minutes) 


Table  5.  NCTL  ESCR  data  for  the  compounds 


If .  Cc^hiDoiiiidl  . 

ESCR.hr" 

PE-A 

>1300 

A-1 

>1300 

A-2 

>1300 

PE-B 

88.7 

B-1 

75.4 

B-2 

50.2 

C-1 

63.4 

C-2 

50.4 

D-1 

6.8 

D-2 

3.3 

1)  Standard  deviations  for  the  data  were  less  than  6%  for  all  test  samples. 


Such  a  dramatic  difference  in  viscosity  should  show  a  Mw 
difference  in  the  GPC  data.  Figure  3  shows  the  GPC  curves  of 
sample-I  and  sample-II.  There  is  little  difference  in  the  curves  of 
Mw  species  between  sample-I  and  sample-II.  Tabulated 
numbers  also  indicates  little  difference  in  Mw  and  MWD  (= 
Mw/Mn)  for  two  samples.  A  presence  of  a  small  amount  of  LCB 
in  linear  PE  polymers  does  not  affect  the  GPC  curves  but 
significant  in  the  rheological  data  [11,12].  We  observed  a  very 
similar  behavior  for  sample-I  and  -II.  This  leads  to  a  conclusion 
that  the  dramatic  increase  in  viscosity  and  ER  for  the  FCM 
compound  originates  from  a  presence  of  higher  level  of  LCB. 
This  observation  is  in  line  with  the  previous  statement  of  LCB 
based  on  the  reference  [5].  The  mechanism  of  LCB  formation  via 
the  hydrogen  abstraction  process  during  the  degradation  process 
has  been  also  published  in  literature  [13]. 
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Figure  3.  GPC  data  for  the  stability  tested  PE 
resins  (the  same  samples  in  Fig.  2) 
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It  is  also  well  known  that  the  presence  of  CB  in  molten 
compound  accelerates  the  degradation  process  during 
compounding  process.  The  extent  of  acceleration  depends  on  the 
stabilization  and  compounding  process.  Figure  4  shows  the  result 
of  stability  test  for  the  blend  of  the  LDPE  (0.920  density,  1  MI) 
with  the  black  MB  “A”,  compared  to  that  of  the  base  LDPE  resin. 
We  observed  more  torque  rise  as  a  function  of  mixing  time  for 
the  black  compound  compared  to  the  base  PE  resin.  More  torque 
rise  for  the  compound  indicates  a  presence  of  more  chain 
extension,  leading  to  the  development  of  more  LCB  with  the 
mixing  time. 

Figure  4.Stability  test  results  for  the  PE  base 
resin  and  PE+  MB  “A” 


This  leads  to  the  conclusion  that  the  FCM  compounding  process 
promotes  more  degradation  (as  compared  to  BM)  leading  to  the 
creation  of  more  LCB  in  the  finished  jacketing  compounds.  This 
is  due  to  the  higher  shear  FCM  compounding  process  with  a 
higher  temperature  in  the  presence  of  CB. 

B.  Improved  jacketing  compounds 

We  developed  a  new  commercial  40%  CB  MB  (termed  MB”C”) 
to  eliminate  or  to  minimize  a  problem  associated  with  the 
compounding  process  and  to  enhance  the  performance  of  the 
finished  jacketing  compound.  Table  6  shows  a  summary  of  basic 
data  and  performance  for  compounds  A-l  (as  a  control  for 
comparison  purpose)  vs.  A-new  (produced  by  MB  “C”)  and  B-l 


(control)  vs.  B-new  (by  MB  “C”)  with  the  same  BM  process.  The 
compounds  with  the  new  MB  showed  enhanced  MI,  reduced 
viscosity,  reduced  ER,  reduced  shrinkage  and  improved  ESCR 
compared  to  corresponding  compounds  produced  by  MB  “A”  and 
“B”.  The  improvement  by  the  use  of  MB  “C”  resulted  from 
minimized  degradation  during  the  compounding  process.  The 
stability  test  for  the  MB  “A”  vs.  “C”  (Figure  5)  indicates  that  the 
use  of  the  more  thermo-mechanically  stable  MB  “C”  (as 
indicated  by  little  change  in  torque  with  mixing  time  in  the 
figure)  minimizes  the  formation  of  LCB  in  the  final  jacketing 
compound  leading  to  enhanced  performance. 

Table  6.  Basic  data  for  the  new  compounds,  A- 
new  &  B-new  from  the  MB  “C”,  compared  to 
those  control  compounds  A-1  &  B-1  made  from 
MB “A” and “B” 


Compound 

s:~,>  Ml 

Viscosity, 

kPa  s 

ER 

Shrinkage 

:.T  % 

ESCR 

Hrs. 

A-1 

0.66 

21.3 

3.3 

5.2 

>1300 

A-New 

0.92 

17.8 

2.9 

3.5 

>1300 

B-1 

0.72 

20.2 

4.0 

5.3 

75.4 

B-New 

0.89 

15.9 

3.6 

3.8 

83.4 

Figure  5-Stability  test  results  for  PE+  MB  “A”  and 
PE+  MB  “C” 
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We  further  investigated  a  concept  to  have  an  improved  economic 
jacketing  composition  without  deteriorating  the  performance. 
One  way  is  to  use  a  direct  dry  blend  of  the  MB  “C”  with  resin 
pellets  for  producing  a  final  jacketing  cable  product.  In  order  to 
simulate  the  jacketing  process,  the  dry  pellet  blend  of  PE- A  with 
MB  MCM  (2.6wt%  CB  content)  was  extruded  through  a  Davis- 
Standard  single  screw  extruder  and  pelletized  for  evaluations. 
Rheological  data  indicates  little  change  in  viscosity  and  ER  for 
stability  tested  sample  (even  for  30  minutes  mixing)  and  the 
ESCR  of  the  product  was  similar  to  or  better  than  the 
corresponding  BM  compounds  (see  Table  6).  CB  dispersion  data 
(as  a  courtesy  of  Cabot  Corporation  for  Figure  6)  indicates  that 
the  Davis- Standard  product  (Fig.  6  (B))  shows  an  excellent  CB 
dispersion  compared  to  the  commercial  A-l  compound  (Fig.  6 
(A))  produced  by  the  BM.  Therefore,  we  concluded  that  the  use 
of  a  thermo-mechanically  stable  black  MB  is  the  most  desirable 
to  producing  a  jacketing  compound  with  acceptable  performance 
regardless  of  the  compounding  process. 
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Figure  6.  CB  dispersion  data:  (A)  for  the 


CONCLUSIONS 

The  FCM  produces  a  jacketing  compound  with  lower  MI,  higher 
viscosity,  elasticity  number  than  the  BM.  This  rheological 
change  results  from  the  development  of  a  higher  level  of  LCB 
associated  with  the  degradation  process  occurring  during  the 
higher  shear  compounding  process.  It  was  found  that  such  a 
rheological  change  imparts  little  change  to  tensile  mechanical 
properties  due  to  little  change  in  the  compound  crystallinity. 
However,  the  rheological  change  affects  some  properties  as  well 
as  performance  such  as  shrinkage,  extrusion  head  pressure,  and 
ESCR.  The  extent  of  variation  in  the  ESCR  data  appears  to  be 
dependent  of  the  density  range  of  the  compounds. 
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Abstract 

The  telecommunications  industry  has  worked  for  over  a 
decade  to  develop  digital  subscriber  line  (DSL) 
technologies  to  revitalize  the  embedded  copper  plant.  Now 
the  industry  is  on  the  threshold  of  reaping  the  benefits  of 
this  effort,  bringing  megabit-per-second  connectivity  to 
offices  and  homes.  However,  network  providers  must 
properly  manage  the  introduction  and  application  of  these 
systems  to  the  local  network.  Accurate  engineering  is 
critical  to  avoid  incompatibilities  and  failed  provisioning 
that  would  otherwise  create  customer  disappointment, 
delay  and  higher  costs. 

An  understanding  of  subscriber  loop  make-ups,  including 
length,  wire  gauge  and  location  of  bridged  taps,  is  key  to 
the  proper  engineering  of  DSL  systems.  While  some  loop 
records  exist,  they  may  be  inaccurate  or  out  of  date. 
Knowing  the  types  of  systems  that  are  transmitting  in  a 
given  cable  is  also  critical,  because  of  the  resultant 
crosstalk  and  the  potential  need  for  spectrum  management. 
In  this  paper,  we  describe  techniques  for  obtaining  precise 
loop  make-ups,  and  for  determining  the  current  crosstalk 
profile  in  the  loop  plant. 

1.  Achieving  the  Full  Potential  of 
DSL  Technology 

Among  the  new  techniques  being  used  to  upgrade  the 
public  network  are  access  technologies  that  use  embedded 
copper  plant  to  support  higher  bandwidth  services.  These 
technologies  include  ISDN,  HDSL,  ADSL  and  others  for 
which  carriers  have  announced  aggressive  deployment 
plans. 

The  new  DSL  technologies  have  the  potential  to  become 
strategically  important  to  an  operator's  business  plans. 
While  they  have  proven  robust  in  trials,  any  new 
technology,  no  matter  how  powerful  and  reliable,  must  be 


properly  applied.  This  involves  several  engineering  tasks, 
the  two  most  important  of  which  are: 

•  Loop  qualification  -  knowing  what  type  of  DSL 
system  and  what  bit-rate  can  be  successfully  and 
reliably  provisioned  on  a  given  customer's  loop. 

•  Spectrum  management  -  an  engineering  process  that 
allows  an  operator  to  place  new  DSL  systems  into  the 
plant  in  compliance  with  spectral  compatibility 
guidelines  and  standards,  and  to  troubleshoot  field 
problems  suspected  of  being  caused  by  crosstalk  from 
other  systems. 

Maintaining  accurate  records  of  the  loop  plant  is  important 
to  many  aspects  of  an  operator's  business.  Beyond 
supporting  traditional  voice  services,  even  more  accurate 
and  detailed  loop  records  are  needed  when  deploying  DSL- 
based  services.  These  technologies  are  typically  engineered 
to  operate  over  a  class  of  subscriber  loops,  such  as  Revised 
Resistance  Design  (RRD)  loops  (up  to  18  kilofeet),  or 
Carrier  Service  Area  (CSA)  loops  (up  to  12  kilofeet).  In 
fact,  the  need  to  be  able  to  qualify  a  loop  for  use  with  one 
of  these  technologies  is  becoming  critical  as  the 
technologies  emerge  and  deployment  begins.  The  ability  to 
easily  and  accurately  qualify  loops  will  allow  operators  to 
offer  a  range  of  new  services.  Conversely,  problems  and 
high  expenses  associated  with  qualifying  loops  could 
inhibit  deployment,  thus  lowering  or  eliminating  associated 
new  revenues. 

Several  approaches  and  tools  are  being  developed  to 
facilitate  loop  qualification.  The  most  common  is  mining 
existing  data  in  loop  databases,  checking  it  for  accuracy, 
and  then  bulk-provisioning  loops  that  are  candidates  for 
DSL-based  service.  Sometimes  a  combination  of  loop 
records  and  engineering  information  about  feeder  route 
topology  is  used  to  obtain  an  estimate  of  loop  length. 
Another  technique  uses  loop  loss  measurements  from 
traditional  POTS  loop  testing  systems  to  estimate  loop 
length. 
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These  approaches  use  good  engineering  judgement  and 
result  in  large  populations  of  loops  that  are  likely 
candidates  to  support  advanced  services.  However,  a 
typical  approach  is  to  minimize  customer  disappointment 
by  biasing  the  techniques  toward  low  probabilities  of  false¬ 
positive  results.  This  is  done  at  the  expense  of  increasing 
the  probability  of  false-negative  results.  In  other  words,  the 
approaches  are  conservative,  and  some  loops  that  might 
support  DSL  service  remain  unused. 

Other  loop  qualification  methods  use  the  adaptation 
settings  of  a  modem  operating  over  the  subscriber  loop  of 
interest.  For  example,  if  a  DSL  system  is  operational,  the 
adaptive  filter  settings  contain  useful  information  about  the 
loop.  This  approach  has  the  decided  disadvantage  that  a 
DSL  system  must  first  be  in  operation  on  the  loop  which 
one  hopes  to  qualify.  Yet  another  technique  called  the 
SapphyreSM  technique  uses  standard  dial-up  modems  that 
operate  over  any  subscriber  loop  to  glean  voice-band 
information  about  the  loop,  in  order  to  predict  performance 
at  higher  frequencies  of  interest  to  DSL. 

It  would  be  desirable  to  have  a  technique  that  could 
identify  and  qualify  all  nonloaded  subscriber  loops  in  a 
mechanized  and  highly  accurate  manner  without  the  need 
for  special  equipment  or  intervention  at  the  subscriber's 
location.  In  the  following  section,  such  a  system  is 
introduced. 

Historically,  local  exchange  carriers  have  carefully 
controlled  systems  that  they  place  in  the  distribution 
network.  T-carrier,  used  to  support  digital  loop  carrier 
remote  terminals  and  private  line  services,  is  a  highly 
engineered  transmission  system  with  carefully  controlled 
power  levels  and  pulse  templates.  ISDN  Basic  Rate  Access 
and  2BlQ-based  HDSL  were  carefully  engineered  for 
spectral  compatibility  assuming  worst  case  scenarios  of 
long  loops  with  bridged  tap  and  high  binder  group  fills.  A 
similar  philosophy  was  initially  proposed  for  ADSL. 
However,  ADSL  standards  deliberations  were  more 
vendor-driven,  and  more  aggressive.  In  particular,  the 
option  to  use  a  historically  high  transmit  power  level  was 
allowed.  Simulations  show  that,  under  certain  conditions, 
such  systems  could  result  in  spectral  incompatibilities, 
wherein  crosstalk  from  one  type  of  system  interferes  with 
another  type  of  system. 

Part  of  the  rationale  used  to  approve  more  aggressive 
ADSL  standards  was  that  local  telephone  companies  could 
pick  and  choose  among  technologies  and  set  power  levels 
via  software  provisioning  to  control  the  spectral 
environment.  However,  several  issues  now  complicate  an 
operator's  ability  to  deal  with  the  situation.  First,  multiple 
technologies  are  being  developed  by  equipment 
manufacturers,  including  DMT,  CAP  and  QAM.  Second, 
these  systems  run  at  multiple  bit  rates.  Finally,  and  perhaps 
most  importantly,  the  Telecommunications  Act  of  1996 
includes  loop  unbundling  provisions  that  make  it  possible 
for  competing  operators,  often  referred  to  as  Competitive 
Local  Exchange  Carriers  (CLECs),  to  gain  access  to 
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individual  loops.  This  activity  was  initially  POTS-focused, 
but  several  operators  are  already  offering  ADSL-based 
unbundled  services.  This  trend  has  been  tremendously 
accelerated  by  the  November  1999  FCC  "line  sharing" 
ruling,  under  which  a  CLEC  can  return  the  POTS 
connection  and  service  to  the  incumbent,  and  retain  the 
DSL  bandwidth  to  offer  only  data  services,  such  as  high¬ 
speed  Internet  access. 

Over  time,  the  competitive  local  environment  may  lead  to 
several  providers  gaining  access  to  the  copper  distribution 
plant,  with  each  having  a  significant  customer  base.  The 
customer  base  will  be  randomly  dispersed  in  an  area,  driven 
by  marketing  forces  and  consumer  choice.  The  competitive 
environment  is  expected  to  yield  chum  rates  significantly 
higher  than  current  churn  rates  for  POTS.  All  this  means 
that  the  spectral  environment  in  a  cable  will  be  difficult  to 
predict,  and  will  be  constantly  changing. 

In  recognition  of  the  importance  of  spectral  compatibility 
in  the  loop  plant,  American  National  Standards  Institute 
(ANSI)  Working  Group  T1E1.4  initiated  a  project  in  1998 
to  develop  relevant  standards.  The  group  has  been 
responsible  for  DSL  standards  on  ISDN  Basic  Access, 
HDSL  and  ADSL,  and  is  an  excellent  forum  in  which  to 
foster  industry  consensus  on  spectral  compatibility 
requirements.[l] 

The  deliberations  have  been  well  attended  by  industry 
players,  including  new  equipment  manufacturers  and 
operators  focused  on  market  niches.  This  has  led  to  a 
number  of  proposals  for  new  DSL  systems,  for  example  the 
class  of  symmetric  DSLs  (SDSL).  Unfortunately,  this 
creativity  complicates  the  problem  of  spectrum 
management,  as  is  apparent  from  Table  1  which  shows  the 
currently  agreed  classes  of  DSL  systems. 


Table  1.  Spectrum  Management  Classes 


Spectrum 
Management 
(SM)  Class 

Deployment 
Guideline, 
max  loop  length 
EWL  26  gauge  kft 

Included  DSL 
Technologies 

Class  1 

all  nonloaded  loops 

ISDN 

SDSL  <  300  kbps 
2-line  &  4-line  DAML 

Class  2 

11.5  kft 

SDSL  <512  kbps 

Class  3 

9  kft 

HDSL  and  784  kbps 
SDSL 

Class  4 

10.5  kft 

HDSL2  (single-pair 
HDSL) 

Class  5 

all  nonloaded  loops 

ADSL,  CAP/QAM 
RADSL,  G.lite 
(partial-overlapped) 

Class  6 

Not  defined 

VDSL 

Class  7 

6.5  kft 

SDSL  <  1568  kbps 

Class  8 

7.5  kft 

SDSL  <  1168  kbps 

Class  9 

13.5  kft 

Overlapped,  echo- 
canceled  ADSL 
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PSD  Templates  (dBm/Hz) 


Figure  1  shows  currently  proposed  power  spectral  density 
(PSD)  templates  for  each  of  these  spectrum  management 
classes.  There  are  several  ways  to  comply  with  the 
standard,  the  simplest  being  that  the  PSD  of  the  signal 
transmitted  by  a  piece  of  equipment  fall  under  the  template 
at  all  frequencies.  This  will  generally  be  verified  during 
manufacture,  but  if  problems  arise  in  the  field  the  local 
operator  will  need  to  resolve  incompatibilities  and 
complaints,  possibly  including  identification  of  systems 
that  are  transmitting  in  violation  of  the  standard. 


0  90  180  270  360  450  540  630  720  810  900  990 


Frequency  (kHz) 

Figure  1.  Spectrum  Management  Class  PSDs 


It  would  be  desirable  to  have  a  technique  that  could 
characterize  the  crosstalk  environment  on  a  loop-by-loop 
basis,  in  a  mechanized  and  highly  accurate  manner  without 
the  need  for  special  equipment  or  intervention  at  the 
subscriber's  location.  In  the  following  section,  the  same 
system  used  to  identify  and  qualify  loops  will  be  extended 
to  support  spectrum  management. 

2.  The  Broadband  Test  Head 

The  mainstay  of  the  telephone  company  local  network  is 
the  local  loop  plant.  Nearly  all  residential  customers  and 
many  business  customers  are  served  by  metallic  twisted 
pair  cables  connected  from  a  local  switch  in  the  central 
office  (CO)  to  the  subscriber's  telephones.  When  customers 
request  service,  request  a  change  in  service  or  drop  service, 
these  facilities  must  be  appropriately  connected  or 
rearranged  in  the  outside  plant  by  specially-trained  craft 
dedicated  full-time  to  this  task.  Obviously,  an  operator 
must  understand  its  subscriber  loops  and  know  where  they 
are  connected,  where  the  flexibility  points  such  as  junction 
boxes  are,  etc.  Loop  make-up  records  have  been  kept  on 
paper  and,  more  recently,  have  been  manually  entered  into 
a  computer  database.  Whether  on  paper  or  stored  in 
computer  memory,  there  have  been  questions  about  the 
accuracy  and  currency  of  these  records. 

One  way  to  improve  existing  records  is  to  examine  and 
update  them  manually  if  they  are  missing  or  inaccurate. 


This  method  is  expensive  and  time  consuming. 
Furthermore,  new  technologies  such  as  DSL  require 
additional  information  that  was  not  previously  kept  for 
voice  services,  so  new  information  must  be  added  to  the 
existing  records.  Test  set  manufacturers  offer  measurement 
devices  that  can  greatly  facilitate  this  process,  but  this 
typically  requires  a  remote  craft  dispatch  and  two-ended 
testing. 

A  highly  mechanized,  highly  efficient  and  almost 
universally  deployed  loop  testing  system  already  exists. 
Originally  developed  by  the  Bell  System,  one  of  the  most 
important  elements  of  this  system  is  the  Mechanized  Loop 
Testing  (MLT)  system  that  was  retained  by  (now)  Lucent 
Technologies  at  divestiture.  This  system  uses  a  metallic  test 
bus  and  full-splitting  metallic  access  relays  on  line  card 
electronics.  By  these  means,  a  given  subscriber  loop  can  be 
taken  out  of  service  and  metallically  connected  to  a 
centralized  test  head  where  single-ended  measurements  can 
be  made  on  the  customer's  loop.  The  test  head  runs  a 
battery  of  tests  aimed  at  maintaining  and  diagnosing  the 
customer's  narrowband  (4  kHz)  voice  service. 

Telcordia  has  invented  key  technology  to  upgrade  this 
infrastructure.  The  intent  is  to  replace  the  narrowband  test 
head  with  a  new,  broadband  test  head.  This  test  head  would 
be  able  to  interface  with  a  switch  to  connect  to  a  specified 
loop,  apply  a  set  of  test  pulses  to  that  loop  and  record  the 
response  of  the  loop.  The  results  would  then  be  analyzed 
using  sophisticated  signal  processing  algorithms  to 
determine  the  complete  loop  make-up.  This  approach  has 
many  uses.  First,  it  can  be  used  to  check  existing  records; 
the  loop  make-ups  can  be  methodically  obtained  and 
compared  with  existing  database  records.  Because  we 
expect  the  information  to  be  more  accurate  and  detailed 
than  the  existing  records,  the  new  data  will  often  replace 
existing  data  and  populate  the  database.  Thus,  through  an 
entirely  mechanized  process,  an  operator  can  completely 
update  its  loop  records. 

The  updated  loop  make-ups  can  be  used  by  another  system 
to  calculate  and  qualify  the  ability  of  a  given  loop  to 
support  advanced  DSL  services.  A  computer  system  will 
take  the  loop  make-ups,  models  of  the  various  DSL  systems 
and  standards  for  spectral  compatibility,  and  determine 
very  precisely  what  service  the  customer’s  loop  can 
support.  Such  determination  should  be  achievable  in  real¬ 
time,  for  example  in  response  to  a  service  agent  query 
while  on  a  different  phone  line  with  a  customer. 

In  addition  to  determining  the  loop  make-up,  additional 
information  can  be  determined  regarding  the  noise 
environment  a  particular  loop  is  exposed  to.  By  means  of 
additional  spectrum  analysis  algorithms  this  noise  may  be 
identified,  further  facilitating  the  service  provisioning 
process,  identifying  noise  sources  exceeding  spectral 
compatibility  requirements,  and  generally  facilitating 
maintenance  and  administration. 
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3.  An  Example  of  Loop  Identification 

Most  solutions  for  qualifying  a  loop  for  DSL  services  do  so 
without  unveiling  the  exact  make-up  of  the  loop.  Recent 
work  has  demonstrated  the  feasibility  of  a  technique  that 
can  achieve  precise  loop  make-up  identification  via  single 
ended  measurements.  The  availability  of  the  exact  make-up 
of  the  loops  in  the  local  plant  will  not  only  solve  the 
problem  of  qualifying  loops  for  DSL-based  services,  but 
will  also  support  other  important  loop  plant  engineering 
functions. 

The  approach  used  for  determining  the  loop  make-up  is  in 
the  time-domain.  Special  probing  pulses  are  launched  onto 
the  loop  via  the  local  metallic  test  bus.  If  a  discontinuity  is 
present  (gauge  change,  bridged  tap,  end  of  loop),  a  signal 
(echo)  travels  back  to  the  CO  corresponding  to  the 
discontinuity.  Such  echoes  are  collected  in  the  CO  and  are 
then  processed.  The  solution  employs  a  combination  of 
advanced  reflectometry  and  signal  processing  techniques. 
The  advanced  reflectometry  allows  the  detection  of  very 
weak  echoes  generated  at  the  ends  of  long  loops,  while 
additional  signal  processing  is  necessary  to  resolve 
overlapping  echoes  and  identify  discontinuities. 

Several  problems  have  to  be  solved  in  order  to  achieve  the 
capability  of  exact  loop  make-up  identification,  especially 
those  related  to  the  limitations  of  current  Time  Domain 
Reflectometers  (TDRs).  First  of  all,  today’s  TDRs  have  an 
effective  range  of  some  number  of  kilofeet  (kft)  and  are  not 
sufficient  to  allow  detection  of  echoes  generated  by  far 
discontinuities.  Secondly,  today  no  commercial  TDR  has 
the  capability  of  detecting  echoes  generated  by  gauge 
changes.  Moreover,  even  when  all  echoes  can  be  detected  it 
is  not  trivial  to  resolve  them.  In  fact,  the  available 
observations  consist  of  an  unknown  number  of  echoes, 
some  overlapping  in  time  and  frequency,  some  not,  some 
real  and  some  spurious \  that  exhibit  unknown  amplitude, 
unknown  time  of  arrival  and  unknown  shape.  The  problem 
of  resolving  the  above  observations  on  the  basis  of  a  single¬ 
sensor  experiment  is  a  very  complex  problem  that  is  seldom 
addressed  in  the  literature. 

An  example  of  a  TDR  trace  is  given  in  Fig.  2,  for  the  case 
of  a  12  kft  AWG-24  cable  with  a  1  kft  bridged  tap  located 
either  at  1  kft  (Case  A)  or  at  10  kft  (Case  B).  The  typical 
negative-positive  sequence  characterizing  a  bridged  tap  is 
manifest  for  Case  A,  but  not  for  Case  B  where  there  is  no 
sign  of  the  presence  of  an  echo.  However,  by  using  special 
signal  processing  on  the  waveform  of  Case  B,  it  is  now 
possible  to  see  the  negative  positive  echoes  of  the  bridged 
tap  (Case  B  +  Processing). 


Figure  2:  Effectiveness  of  signal  processing 
on  a  TDR  trace  (bridged  tap  case) 

With  the  use  of  special  signal  processing  techniques,  it  is 
also  possible  to  see  gauge  changes.  The  fact  is  that  the 
echoes  generated  by  a  gauge  change  cannot  normally  be 
seen,  not  because  they  are  too  weak  to  be  detected,  but 
because  they  are  hidden.  An  example  is  given  in  Fig.  3, 
where  the  TDR  trace  of  a  3  kft  AWG-26  cable  spliced  to  a 
12  kft  AWG-24  cable  is  shown.  The  normal  trace  of  a  TDR 
does  not  reveal  the  presence  of  any  echo,  but  the  processed 
trace  clearly  shows  a  negative  echo  that  indicates  the 
transition  from  a  medium  with  higher  characteristic 
impedance  to  a  medium  with  a  lower  one. 

Finally,  very  good  results  have  been  obtained  with  a  newly 
developed  algorithm  that  uses  sophisticated  signal 
processing  to  perform  loop  make-up  identification. 
Preliminary  tests  indicate  that  the  algorithm  is  able  to 
precisely  identify  loop  make-ups,  whatever  topology  they 
may  have. 


1  We  define  "spurious"  echoes  as  echoes  resulting  from  multiple 
back-and-forth  reflections,  as  opposed  to  the  "real"  echoes  that  are 
the  echoes  that  immediately  return  to  the  CO  when  generated  by  a 
discontinuity  in  the  cable.  The  presence  of  spurious  echoes  is  due 
to  the  fact  that  each  discontinuity  generates  both  a  reflected  and  a 
refracted  signal,  so  that  a  part  of  the  signal  travels  back  and  forth 
on  the  line,  bouncing  between  discontinuities,  before  it  ultimately 
arrives  at  the  CO. 
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Figure  3:  Effectiveness  of  signal  processing 
on  a  TDR  trace  (gauge  change  case) 


currently  under  development  by  ANSI  committee  TIE  1.4. 
These  rules  do  not  take  into  account  the  individual  types  of 
crosstalk  sources  or  crosstalk  couplings  related  to  a 
particular  pair  in  a  cable,  which  may  be  considerably 
different  than  the  near  worst-case  couplings  that  are 
assumed  in  the  draft  standard.  Thus,  a  system  that  can 
characterize  crosstalk  on  a  loop-by-loop  basis  has  the 
potential  to  yield  a  much  more  granular  crosstalk 
characterization  of  the  plant.  This  data,  entered  into  a  new 
loop  spectrum  management  database,  in  turn  has  the 
potential  to  be  mined,  correlated  and  exploited  to  provide 
more  optimal  performances  for  individual  subscriber  loops. 

To  see  how  such  a  database  might  be  created,  we  give  the 
following  example  in  which  the  crosstalk  noise  on  a  given 
pair  is  analyzed  and  characterized.  NEXT  from  an  upstream 
ADSL  source  is  measured  for  a  number  of  pair-to-pair 
combinations.  These  NEXT  PSDs  are  correlated  with  the 
PSD  crosstalk  templates  of  some  known  sources.  As  can  be 
seen  from  the  calculated  results  in  Table  2,  each  measured 
NEXT  is  highly  correlated  with  the  template  NEXT  from 
upstream  ADSL.  The  unknown  NEXT  source  is  correctly 
identified. 


4.  An  Example  of  Crosstalk 
Identification 

Spectral  compatibility  is  the  property  whereby  crosstalk 
among  different  systems  transmitting  on  different  pairs  in 
the  same  twisted-pair  cable  does  not  cause  significant 
degradation  to  the  performance  of  any  of  the  systems. 
Spectrum  management  is  the  process  of  deploying  DSLs  in 
the  loop  plant  in  a  manner  that  ensures  spectral 
compatibility.  Figure  4  below  depicts  crosstalk  in  a  typical 
loop  environment,  including  near-end  crosstalk  (NEXT) 
and  far-end  crosstalk  (FEXT). 


Table  2.  Correlations  of  measured  NEXT  from 
unknown  source  with  known  crosstalk 
templates 


Measured 

NEXT 

BR1 

NEXT 

HDSL 

NEXT 

T1  NEXT 

ADSL 

Down 

NEXT 

ADSL 

Up 

NEXT 

5  ->  4 

0.218 

0.790 

-0.276 

-0.221 

0.975 

6  ->  15 

0.194 

0.798 

-0.269 

-0.215 

0.992 

1 1  ->  20 

0.183 

0.792 

-0.269 

-0.214 

0.957 

10  ->  21 

0.153 

0.808 

-0.258 

-0.204 

0.994 

4  ->  25 

0.201 

0.784 

-0.267 

-0.214 

0.983 

3  ->  12 

0.071 

0.768 

-0.223 

-0.174 

0.938 

13  ->  15 

0.088 

0.770 

-0.227 

-0.179 

0.952 

9  ->  20 

0.230 

0.791 

-0.279 

-0.223 

0.962 

14 ->  24 

0.213 

0.806 

-0.276 

-0.220 

0.983 

8  ->  18 

0.120 

0.802 

-0.246 

-0.194 

0.976 

2  ->  22 

0.106 

0.771 

!  -0.233 

-0.184 

0.969 

12  ->  4 

0.085 

0.735 

-0.216 

-0.171 

0.935 

1  ->  5 

0.130 

0.798 

-0.247 

-0.195 

0.975 

7  ->  18 

0.066 

0.790 

-0.231 

-0.177 

0.896 

Figure  4.  Crosstalk:  transmitted  signal, 
coupling,  and  received  crosstalk 

Current  techniques  for  spectrum  management  apply 
relatively  rigid  rules  uniformly  across  the  entire  loop  plant, 
as  embodied  in  the  draft  spectrum  management  standard 
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5.  An  Advanced  Loop  Provisioning 
and  Maintenance  System 

Let  us  consider  a  system  that  analyzes  the  responses  of 
subscriber  loops  to  probing  signals  to  perform  loop 
identification,  and  measures  crosstalk  and  identifies  the 
types  of  systems  that  are  the  sources  for  that  crosstalk.  The 
data  is  collected  and  used  by  a  provisioning  and 
maintenance  system  to  enable  more  efficient  engineering, 
provisioning,  spectrum  management,  and  maintenance  of 
the  copper  loop  plant. 


DSL 

4 - ► 

DSL 

4 - ► 


Figure  5.  An  advanced  DSL  Operations 
Support  System 


The  loop  make-ups,  and  types  and  numbers  of  crosstalkers 
in  a  cable  can  be  measured,  recorded,  and  tracked.  This 
database  can  be  coordinated  with  a  DSL  provisioning 
system  to  allow  the  highest  possible  service  rates  while 
ensuring  spectral  compatibility.  Rather  than  using  broad¬ 
brush  loop  estimates  and  spectrum  management  rules  based 
on  worst-case  assumptions,  precise  loop  make-ups  and 
accurate  noise  characterization  along  with  the  actual 
powers  of  DSLs  transmitting  in  the  cable  can  be 
coordinated  by  the  system. 

This  system  is  useful  for  network  monitoring  and 
maintenance.  A  DSL  may  experience  significant 
degradation  when  signal  to  noise  ratios  (SNRs)  are 
inadequate,  perhaps  when  another  source  transmits  a  PSD 
that  is  too  high.  The  system  can  isolate  the  causes  of 
failures  such  as  long  loops  or  bridged  taps,  identify 
crosstalk  sources,  and  help  mitigate  problems  by 
techniques  such  as  power  back-off  or  lowering  transmitted 
bit-rates.  The  system  can  also  determine  if  an  unbundled 
loop  is  receiving  crosstalk  levels  that  are  within 
specifications. 


6.  Conclusions 

We  have  introduced  techniques  for  determining  loop  make¬ 
ups  and  for  obtaining  a  spectrum  analysis  on  a  loop-by- 
loop  basis.  These  techniques  are  not  the  only  methods  for 
obtaining  such  information,  but  they  have  the  advantage  of 
being  applied  in  a  mechanized,  single-ended  fashion  from 
the  central  office.  Thus,  a  new  ’’broadband  test  head”  can 
be  installed  in  the  office  that  will  automatically  and 
routinely  provide  current  information  on  loop  make-ups 
and  crosstalk.  Using  sophisticated  signal  processing  and 
analysis  approaches,  we  hope  to  be  able  to  precisely 
determine  loop  make-ups  for  the  entire  nonloaded  loop 
plant,  including  section  lengths  and  bridged  tap 
composition.  The  same  approach  can  be  used  to  gather  and 
characterize  crosstalk  information  for  each  of  the  loops. 

This  information  can  be  input  to  a  provisioning  and 
maintenance  system  that  will  retain  and  correlate  the 
records.  This  database  can  in  turn  be  used  for  a  number  of 
important  functions,  such  as  loop  plant  engineering,  loop 
qualification  and  provisioning  of  DSL-based  services, 
spectrum  management,  and  maintenance  of  the  loop  plant. 
We  believe  that  such  a  capability  is  required  to  fully  exploit 
the  power  of  emerging  DSL  technologies,  and  to  effectively 
deal  with  the  increasingly  complex  and  dynamic 
unregulated  local  loop  environment. 
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Abstract 

A  database  of  measurements  on  the  copper  access  network  in 
Sweden  has  been  compiled  during  1999.  The  measurements 
comprise  attenuation,  balance,  noise  levels  and  characteristic 
impedance  in  the  frequency  range  of  10  kHz  to  15  MHz.  The 
database  is  used  to  evaluate  the  network  with  respect  to  xDSL,  to 
compare  the  network  to  international  standards  used  by  the 
transmission  system  providers,  and  to  foresee  possible  problems 
when  new  systems  are  to  be  implemented. 
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1.  Introduction 

1.1  Transmission  System  Development 

In  the  mid-90ties  new  equipment  for  traffic  with  more  capacity  for 
the  access  copper  network  began  to  emerge.  The  specifications  were 
made  from  standardized  models  of  the  copper  network.  The  systems 
were  tested  in  a  laboratory  environment  to  comply  with  the 
standards  and  demonstrated  to  operate  correctly  on  test  cables.  But 
would  they  work  in  the  real  network?  The  question  became  still 
more  urgent  when  starting  the  planning  of  ADSL  introduction. 

The  local  loop  normally  consists  of  different  types  of  cables,  paper 
insulated  at  the  beginning,  filled  or  unfilled  plastic  insulated  in  the 
middle  and  unfilled  and  sometimes  untwisted  pairs  at  the  customer 
end,  all  with  different  transmission  characteristics.  Because  of  this  a 
mathematical  treatment  would  involve  the  use  of  chain  matrix 
parameter  computing.  Such  work  has  been  done  in  the  past. 
However,  additional  complications  like  unknown  lengths  of  cable 
and  splicing  positions  make  it  hard  to  calculate  standardized 
parameters.  The  only  way  to  answer  the  question  is  to  make  actual 
measurements  in  the  real  network. 

The  main  parameters  affecting  xDSL  performance  are: 

•  Attenuation  -  Length  and  gauge  dependent 

•  Noise  -  Crosstalk  from  other  systems,  impulse  Noise  and  EMC 

•  Variation  of  impedance  -  Reflections  due  to  changes  of  cable 
types,  unbalance  of  hybrids  (echo) 

•  Balance,  LCL  -  Radiation  problems,  splitter  performance 

1.2  Network  History 

The  present  copper  access  network  in  Sweden  has  been  built  mainly 
during  the  last  50  years.  It  contains  a  multitude  of  different  cable 
designs,  wire  dimensions  and  materials,  an  overview  of  which  will 


be  given  below.  The  operating  quality  of  the  cables  also  varies  due 
to  moisture,  maintenance  methods,  and  the  like. 

To  collect  more  information  on  the  access  network  a  measurement 
program  was  started  in  1999.  Measurements  were  made  all  the  way 
from  the  main  distribution  frame  at  the  central  office  to  the 
subscriber  network  termination  point.  The  pairs  were  selected  to 
cover  all  relevant  combinations  of  copper  cables  in  use  today.  The 
measurements  were  also  spread  geographically  since  the  installation 
methods  may  vary  from  north  to  south. 

During  1999  around  400  lines  in  the  copper  access  network  were 
measured,  200  of  them  in  both  directions,  from  the  central  office  to 
the  customer  and  from  the  customer  to  the  central  office.  The 
measurements  were  collected  in  a  database  to  make  the  evaluation 
more  convenient.  The  database  also  contains  various  data  for  the 
measured  line,  types  of  cables,  dimensions,  lengths  etc. 

The  purposes  of  the  measurements  were  to  find  out 

•  how  many  of  the  customers  can  be  offered  new  services  like 
xDSL,  and  at  what  bitrate 

•  if  existing  quality  levels,  working  methods  and  maintenance 
methods  are  sufficient 

•  whether  the  access  network  complies  with  the  internationally 
standardized  models. 

2.  Network  Design 

The  access  network  consists  of  three  parts:  the  primary,  the 
secondary  and  the  distribution  network.  The  interfaces  between  the 
parts  consist  of  cabinets  and  pedestals  respectively  in  buried 
network  parts  and  corresponding  material  in  aerial  networks. 

2.1  Primary  Network 

From  the  central  office  large  pair  count  cables  are  used  to  connect 
with  cabinets.  Normally  a  single  cable  connects  with  several 
cabinets,  which  is  the  reason  for  the  large  pair  count  of  these  cables. 
For  the  same  reason  it  pays  off  to  pressurize  the  cables  to  simplify 
maintenance  in  those  areas  where  unfilled  cables  are  used.  The 
cabinet  contains  two  sets  of  terminals  for  the  primary  cables  and  the 
secondary  cables  respectively.  The  two  sets  of  terminals  are 
connected  with  cross-connect-wires.  The  pair  count  of  the  cables  in 
the  primary  network  is  normally  between  100  and  1800. 

2.2  Secondary  Network 

From  the  cabinets  smaller  cables  are  used  to  connect  with  a  large 
number  of  distribution  points  which  are  often  geographically  spread 
out  over  a  fairly  large  area.  For  this  reason  the  cables  used  normally 
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contain  10-300  pairs.  Pressurization  is  normally  not  applied  in  the 
secondary  network,  even  with  unfilled  cable. 

2.3  Distribution  Network 

From  the  pedestal  to  the  network  termination  point  in  single-family 
homes  2-  to  5 -pair  cables  are  used,  in  older  installations  self- 
supporting  dropwire  or  even  open-wire  lines  were  used.  In  large 
apartment  buildings  another  structure  is  used,  with  indoor  cables 
connecting  the  basement  with  distribution  points  on  each  floor, 
where  single-  or  two-pair  cables  carry  further  into  the  apartments. 


Figure  1.  Summary  of  the  copper  access  network 
3.  Cable  design 


3.1  Primary  and  Secondary  Network 

The  large  pair  count  cables  used  in  the  access  network  have  two 
different  lay-ups.  The  old  paper-insulated  cables  are  mostly  of  the 
layer  type,  whereas  polyethylene-insulated  cables  are  of  unit  type 
with  subunits  of  10  pairs  and  main  units  of  50  or  100  pairs.  The 
conductor  diameter  is  0,4  to  0,7  mm.  The  mutual  capacitance  of  the 
PE-cables  is  standardized  to  42  nF/km.  Buried  cables  are  jelly-filled, 
using  foam-skin  or  cellular  insulation.  Aerial  cables  are  unfilled, 
using  solid  insulation. 

Layer-type  cables  were  normally  spliced  randomly,  i.e.  deliberately 
ignoring  the  pair  numbering  completely.  Present-day  unit-type 
cables,  on  the  other  hand,  are  fully  color-coded  and  spliced  in  such  a 
way  as  to  maintain  the  pair  numbering  across  the  splice.  Since  no 
more  paper-insulated  cables  are  bought  extensions  and  maintenance 
of  the  primary  and  secondary  network  is  carried  out  using  unit-type 
polyethylene  cables.  A  consequence  of  this  is  that  in  splices  between 
old  and  new  cables  a  layer-type  cable  can  meet  a  unit-type  one. 
Apart  from  difficulties  and  extra  workload  during  splicing  to  find 
out  which  pair  is  which  this  will  also  influence  the  attenuation  and 


crosstalk  values  of  the  line.  Up  till  now,  this  has  had  no  significant 
influence  on  the  performance  of  the  network,  being  used  mainly  for 
voice-frequency  traffic,  but  may  become  increasingly  important 
when  large  numbers  of  ISDN,  HDSL  and  ADSL  systems  are 
installed. 

In  the  access  network  all  cables  are  strictly  pair-type.  Star  quad 
cables  have  not  been  used  in  this  part  of  the  network.  In  the  old 
long-distance  network,  on  the  other  hand,  DM  quads  were  used 
extensively  to  enable  exploitation  of  phantom  circuits  together  with 
loading  coils. 

3.2  Distribution  Network 

In  the  distribution  network  2-  and  5-pair  cables  are  used.  The  2-pair 
cables  are  designed  as  a  star  quad,  the  5 -pair  cable  contains 
normally  stranded  pairs.  The  conductor  diameter  is  0,5  or  0,6  mm, 
the  mutual  capacitance  between  35  and  45  nF/km.  Both  aerial  and 
buried  versions  exist.  Large  amounts  of  single-pair  self-supporting 
dropwire  with  0,9  mm-diameter  copper-clad  steel  conductors  are 
also  present  in  aerial  distribution  networks.  Such  dropwire  is  no 
longer  used  for  new  installations  and  is  gradually  replaced  with  2-  or 
5-pair  cables  both  because  present-day  installation  standards 
prescribe  at  least  two  pairs  and  because  the  single-pair  dropwire  has 
been  found  to  be  inadequate  for  broadband  systems. 

3.3  Central-Office  Cables 

The  cables  between  the  cable  entry  in  the  basement  and  the  MDF 
can  consist  of  two  cable  types,  with  very  different  characteristics.  In 
older  installations  a  PVC-insulated  cable  with  a  mutual  capacitance 
of  85-100  nF/km  was  often  used.  In  newer  installations  a  PE 
insulated  version  with  the  same  mutual  capacitance  as  the  outdoor 
cables,  i.e.  42  nF/km,  is  preferred. 

Between  the  MDF  and  the  switching  equipment  the  same  types  of 
cables  can  be  used,  in  many  cases  a  nylon-insulated  cable  with  100 
nF/km  is  also  utilized. 

4.  Measurements 

4.1  Measuring  Equipment 

The  instrument  used  was  a  spectrum  analyzer  from  Hewlett  Packard 
with  an  s-parameter  test  kit.  The  lines  where  terminated  at  both  ends 
with  a  balun  (except  during  the  impedance  measurement).  For  the 
measurement  of  attenuation  a  Sweep  generator  from  Hewlett 
Packard  where  used. 

To  comply  with  all  makes  of  xDLS  equipment,  the  measurements 
were  made  in  the  frequency  range  of  10  kHz  to  15  MHz.  For  most 
of  the  measurements  the  total  frequency  range  was  split  into  two 
subranges,  10  kHz  to  1,5  MHz  and  1,5  MHz  to  15  MHz,  in  order  to 
obtain  satisfactory  resolution. 


International  Wire  &  Cable  Symposium 


256 


Proceedings  of  the  49th 


Figure  2:  The  setup  used  for  the  measurements 
4.2  Measurement  Planning 

The  measurements  were  spread  geographically  all  over  Sweden  and 
included  all  types  of  combination  of  cables  that  are  installed  in  the 
access  network.  The  lengths  were  limited  to  6  km  and  there  are  no 
lengths  shorter  than  400m.  Lengths  outside  these  limits  were 
considered  to  be  of  no  interest:  shorter  lengths  will  not  be  a  problem 
and  longer  lengths  are  not  useful  because  of  too  high  attenuation. 


5.  Results 

5.1  Noise  Levels 

For  tests  of  ADSL  systems  noise  levels  have  been  defined  in  ETSI A 
(_4954dBm)  and  ETSI  B  (-43dBm).  From  figures  3  and  4  below  we 
see  that  94%  of  the  results  are  below  ETSI  A  and  96%  below  ETSI 
B.  In  reality  the  results  will  probably  be  still  better  since  a  few 
doubtful  results  should  be  removed. 


The  evaluation  of  the  noise  at  the  subscriber  side  indicated  that  the 


noise  is  affected  by  crosstalk  from  existing  digital  systems.  In  the 
future  we  can  consequently  expect  a  different  noise  situation  when 
the  penetration  of  xDSL  increases. 
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Figure  3:  Noise  at  the  subscriber  side 


Distribution  Noise  Power  (Switch  side) 


F 


Figure  4:  Noise  at  the  switch  side. 

5.2  Longitudinal  Conversion  Loss 

The  balance  of  the  line  was  measured  as  Longitudinal  Conversion 
Loss  (LCL)  at  1,5  MHz.  The  values  obtained  have  a  median  of  58 
dB.  The  minimum  value  requirement  for  ADSL  systems  is  40  dB, 
which  is  fulfilled  for  99%  of  the  lines. 


LCL  distribution  (switch  side) 


Figure  5:  CO  side  Longitudinal  Conversion  Loss 
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5.3  Attenuation 

The  attenuation  was  measured  directly  as  the  level  difference 
between  the  sending  and  the  receiving  end,  using  a  sweep  generator 
(HP33120A)  and  a  spectrum  analyzer  (HP4396A),  but  was  also 
calculated  from  the  short  circuit  -  open  circuit  input  impedance 
measurements  in  the  database.  The  short  circuit  -  open  circuit 
measurements  showed  less  accuracy  than  the  direct  level 
measurements,  which  could  be  expected  from  the  long  lengths  of 
cable  measured. 


Distribution  relative  attenuation  0.5mm 


- Gauss - Measurements 


Figure  7:  Total  attenuation  from  MDF  to  NTP 

The  attenuation,  independent  of  the  length,  was  compared  with  a 
gauss  distribution  and  as  seen  above  are  the  divergences  small.  The 
attenuation  in  our  Network  from  the  switch  side,  can  accordingly  be 
considered  an  0,5  mm  normal  frequency  distribution  with  an 
average  value  of  1 ,9  km  with  standard  deviation  of  about  1  km. 

Attenuation  normalized  with  the  length.  The  database  consists  of 
lengths  both  measured  (i.e.  pulse  echometer,  resistance,  capacitance 
measurement)  and  manual  (maps).  The  values  are  similar  and  the 
attenuation  per  km  does  not  alter  much  depending  on  the  type  of 
length  that  are  used. 


5.4  Characteristic  Impedance 

The  characteristic  impedance  of  the  lines  at  1  MHz  was  determined 
by  measuring  the  input  impedance  of  the  near  end  with  the  far  end 
open  and  shorted.  From  the  two  measured  complex  input 
impedances  the  magnitude  and  phase  angle  of  the  characteristic 
impedance  are  calculated.  The  propagation  constant  (attenuation  and 
phase  shift)  can  also  be  calculated. 


Figure  9:  Measuring  setup  used  for  impedance 
tests 


70%  of  the  values  fall  between  130  and  145  ohms,  well  above  the 
design  value  of  120  ohms  for  the  cables  in  the  primary  and 
secondary  networks.  This  may  be  due  to  the  low  mutual  capacitance 
(35  nF/km)  and  consequent  high  impedance  of  the  drop  wire  at  the 
customer  end,  where  the  measurements  were  performed.  The 
impedance  on  the  subscriber  side  varies  more  then  the  impedance  on 
the  switch  side.  The  variation  also  increases  with  the  frequency. 


Z  distribution  (switch  side) 


Figure  10:  Input  impedance  measured  from  CO 
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Figure  8:  Attenuation  per  unit  length 
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Figure  11:  Input  impedance  measured  from 
customer  side 


5.5  Near-end  Crosstalk 

Because  of  the  inconveniences  of  measuring  NEXT  in  a  network 
with  working  traffic,  an  older  database  was  converted  and  evaluated. 
The  measurement  where  only  made  from  switch  to  distribution  point 
and  did  not  include  the  distribution  network.  But  the  NEXT 
measurement  where  estimated  to  be  sufficiently  reliable.  The  NEXT 
measurements  were  compared  with  the  result  of  the  balance  and 
noise  measurements. 
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Figure  12:  NEXT  limits 


6.  Evaluation 

The  evaluation  was  made  to  meet  demands  from  the  ADSL 
introduction.  The  composite  access  network  was  found  to  be  slightly 
better  than  the  ANSI  standard  for  0.5-mm  conductor  diameter  with 
respect  to  attenuation.  This  seems  reasonable  since  most  of  the 
access  network  consists  of  0,5  mm  cables  and  the  nominal  mutual 
capacitance  of  the  cables  is  a  low  42  nF/km. 

The  measurement  results  stored  in  the  database  have  been  used  for 
calculations  of  the  background  noise  in  the  cables  resulting  from  the 
deployment  of  ADSL,  PCM,  HDSL  and  ISDN  systems.  In  this  case, 
an  equivalent  noise  level  in  accordance  with  methods  developed  by 


ETSI  TM6  and  adapted  to  the  actual  conditions  prevailing  in  the 
network  has  been  used  to  represent  the  system  mix.  The  crosstalk 
level  between  the  pairs  of  the  cable  has  also  been  taken  into  account 
in  accordance  with  ETSI  standards. 

The  results  from  the  noise  calculations  have  been  used  to  determine 
the  number  of  different  systems  that  can  be  applied  simultaneously 
to  each  part  of  the  network.  This  has  served  as  a  basis  for  the 
network  planning  necessary  for  Local  Loop  Unbundling.  The  results 
obtained  are  well  in  line  with  existing  and  proposed  ETSI  standards. 

7.  Discussion 

The  fact  that  the  network  is  stable  with  respect  to  resistance  has 
probably  contributed  to  the  good  results.  Another  contributing  factor 
is  the  absence  from  bridge  taps.  On  the  other  hand  we  have  also 
observed  a  detrimental  influence  from  high-capacitance  switchboard 
cables  sometimes  present  in  too  long  lengths  in  old  central  offices. 
A  similar  degradation  of  system  performance  may  be  expected,  and 
has  actually  been  observed  in  some  cases,  from  the  use  of  unsuitable 
cable  at  the  customer  end,  e.g.  unscreened  cables,  or  untwisted 
dropwire  in  areas  with  elevated  electromagnetic  interference.  The 
copper-clad  steel  conductor  dropwire  is  no  longer  used  in  new 
installations  for  this  reason.  On  the  other  hand  we  have  not 
encountered  any  problems  arising  from  changes  in  conductor 
diameter,  e.g.  0,4  mm  to  0,5  or  0,7  mm,  in  splices. 

From  the  MDF  to  the  NTP  at  the  customer  the  network  is  known 
(even  if  from  time  to  time  it  is  repaired)  so  that  the  model  developed 
from  the  measurements  can  be  applied.  The  customer,  on  the  other 
hand,  owns  the  premises  network,  and  it  is  his  responsibility  to  build 
it  in  accordance  with  established  standards.  Failure  of  the  xDSL 
system  to  operate  may  well  be  caused  by  non-compliant  premises 
wiring. 

The  total  number  of  measured  lines  is  around  400.  This  will  give  a 
statistical  confidence  of  about  5%.  Even  if  this  may  seem 
unsatisfactory,  it  must  be  remembered  that  an  increased  confidence 
level,  e.g.  0,5%  would  require  about  1000  measured  lines. 

All  measured  pairs  complied  with  the  electrical  quality  levels  i.e.  no 
faulty  pairs  were  measured.  Such  pairs  would  have  been  repaired 
anyhow  before  applying  xDSL  to  them.  Also,  one  of  the  purposes  of 
the  work  was  to  find  out  whether  pairs  compliant  to  the  existing 
quality  standards  could  be  used  for  xDSL  without  further 
measurements  or  improvement  of  the  line. 


Local  Loop  Electrical  Quality  Levels 

Insulation  resistance 

>  1  Mohm 

Pair-to-ground  capacitance  unbalance 

<2-3  % 

Disturbing  Voltage  Conductor  to  ground 
Idem,  between  conductors  in  a  pair 

<10  VAC/DC 

<8mV 
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8.  Conclusions 

•  90%  of  the  local  loops  have  a  length  below  3,2  km  of  0,5  mm 
ANSI 

•  The  average  attenuation  of  the  loops  corresponds  to  1 ,9km  of 
0,5mm  ANSI-line. 

•  The  attenuation  of  85%  of  the  lines  is  below  the  ANSI  standard 
for  0,5mm  conductors. 

•  Noise  levels  are  far  below  ETSI  references.  However,  these 
value  are  expected  to  increase  with  a  higher  penetration  of 
xDSL  in  the  access  network 
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Introduction 

This  article  will  discuss  DSL  (Digital  Subscriber  Line) 
deployment  issues  that  carriers  will  face  as  we  move  to  mass 
deployment.  DSL  “demons”  are  those  issues  that  will  hinder  the 
successful  mass  deployment  of  DSL,  and  DSL  critical  points  are 
those  issues  that  can  prevent  DSL  mass  deployment  from 
reaching  its  full  potential.  At  the  present  time  service  providers 
are  provisioning  lines  with  some  success,  but  what  will 
deployment  look  like  when  DSL  is  hilly  marketed  to  the  public 
and  a  single  central  office  and  outside  plant  work  center  are 
faced  with  provisioning  200  lines  a  day.  Today  ILECs  are 
provisioning  500  to  1000  lines  company- wide. 

Voice  Over  DSL 

Adding  voice  over  DSL  (VoDSL)  provides  an  attractive 
telecommunications  solution  for  small  businesses  (up  to  50 
employees)  and  SOHOs  (Small  Office/Home  Office).  VoDSL 
will  be  able  to  support  up  to  16  voice  lines  over  a  single  copper 
pair  with  the  only  customer  equipment  required  being  a 
Integrated  Access  Device  (IAD)  for  both  the  voice  and  data. 
One  pair  should  be  connected  directly  from  the  NID  (-48Vdc)  to 
the  station  set  bypassing  the  IAD  so  that  lifeline  POTs  can  be 
provided  in  the  event  of  loss  of  power.  With  the  cost  of  leasing 
copper  pairs  becoming  more  and  more  expensive,  a  CLEC  can 
provide  more  services  and  potentially  get  more  revenue  from  a 
single  copper  pair  through  DSL  technologies.  The  promise  of 
such  business  applications  will  dramatically  increase  DSL 
deployment  and  recycle  copper  pairs  into  higher  value  circuits 
with  minimal  investment  in  new  physical  plant.  For  DSL  to  be 
successful  it  needs  to  support  business  applications  that  require 
at  least  500Kbps  in  the  downstream  direction. 

However,  there  are  some  down  sides.  Systems  like  SDSL  will 
not  support  Plain  Old  Telephone  Service  (POTS).  Digital  Added 
Main  Lines  (DAMLs)  that  are  added  to  increase  capacity  is 


•H0 

o 

^  POTS 


Frequency 


areas  where  there  is  plant  exhaustion  cannot  be  used  with  DSL 
and  will  have  to  be  removed  if  a  pair  is  converted  to  DSL,  which 
will  further  tighten  plant  availability.  However,  VoDSL  can  be 
used  to  provide  “pair-gain”  as  a  replacement  for  DAMLs.  There 
are  two  types  of  VoDSL;  circuit  switched  and  packet  switched 
although  the  economics  comparing  the  two  has  yet  to  be 
determined. 

Other  advantages  of  VoDSL  is  that  after  the  initial  installation, 
the  provisioning  of  additional  voice  lines  without  requiring 
additional  pairs  and  associated  dispatch.  It  improves  the  cut-thru 
rate  by  reducing  the  need  to  “steal”  non- working  cut-thru  loops. 
So  VoDSL  reduces  the  number  of  required  physical  working 
loops,  and  reduces  the  technician  activity  because  of  reduced 
installation  and  repair  dispatches,  thus  reducing  technician 
created  troubles. 

Line  Sharing  and  DSL  Capabilities 

The  recent  FCC  ruling  on  line  sharing  will  allow  a  data  CLEC  to 
use  the  high  frequency  (data)  spectrum  part  of  the  line  to  offer 
data  through  DSL,  while  the  ILEC  can  use  the  low  frequency 
(voice)  spectrum  to  provide  voice  services.  Figure  1  shows  the 
DSL  line  coding  that  would  implement  the  FCC’s  contemplated 
line  sharing.  It  is  now  more  critical  for  ILECs  to  focus  on  DSL. 
If  not,  they  risk  becoming  access  providers,  and  will  lose 
revenues  from  enhanced  services.  Line  sharing  will  speed  up 
CLEC  deployment  of  service  since  they  won’t  have  to  order  new 
lines  from  the  ILEC.  Since  line  sharing  uses  an  existing  line, 
versus  the  present  method  of  implementing  DSL  on  a  new  line,  a 
CLEC  could  cut  the  time  needed  to  provide  service  from  2  to  4 
weeks  to  1  to  2  weeks.  In  addition,  DSL  service  can  displace 
data  traffic  off  the  PSTN  and  thereby  ease  network  congestion. 


FIGURE  1.  DSL  CODING  FIGURE  2.  DSL  FAMILY  TREE 
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FIGURE  3.  DSL  OVERVIEW 

Service 

CO 

to 

Subscriber 

Subscriber 

to 

CO 

Maximum  Design 
Rule  Distance 

Remarks 

ADSL 

0.5  -  8  Mbps 

64  -  64-  Kbps 

12  -  18  kft 

ADSL-3  provides  1  ~  4  MPEG 
unidirectional  video  channels 

“ADSL  Lite” 
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Symmetric  T1  rate  on  a  single-pair 
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128  Kbps 

128  Kbps 
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distance  serving  areas 

RADSL 
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up  to  12  Mbps 
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up  to  1  Mbps 

18-25  kft 

Rate  adaptive  with  CO  DSLAM  to 
obtain  the  highest  data  rates 

SDSL 

From  12  Kbps  to 
1,024  Mbps, 
(typically  provisioned 
at  768  Kbps) 

From  12  Kbps  to 
1.024  Mbps, 
(typically 
provisioned  at  768 
Kbps) 

11.5-22  kft 

(depending  on  data 
rate) 

Symmetrical  rates 

Originally  provided  as  a  Vi  DS1  rate 
service 

UDSL 

2  Mbps 

2  Mbps 
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Symmetric  rates 

VDSL 

Rates  (Mbps)  of  6.5, 
13,26  or  52 

Rates  (Mbps)  of  6.5, 
13,  26  or  52 

1  -  4.5  kft 

Multimedia  applications,  short 
metallic  loop,  uses  ATM  protocol, 
connected  to  a  FITL  ONU  feeder. 

FIGURE  4.  TRANSMISSION  SPEED  OVERVIEW 
FOR  DSL 

(Approximate  Time  in  Seconds  Required  to  Transmit 
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There  are  technical  and  operation  issues  that  need  to  be 
addressed,  particularly  in  OSS  systems,  if  line  sharing  is  to 
work.  A  big  issue  is  who  is  the  customer  going  to  call  first  for 
solutions  and  who  is  going  to  fix  the  problems  on  shared  lines. 
Also,  in  this  new  telecommunications  landscape,  the 
conditioning  and  maintenance  of  the  underlying  copper  may 
become  a  key  factor  for  success. 


Figures  2  and  3  provide  an  overview  of  the  DSL  family  tree  and 
the  capabilities  and  characteristics  of  the  different  flavors  of 
DSL  available. 

The  Competition  and  DSL  Advantages 

There  are  diverse  sources  of  broadband  transport.  One  can 
compare  DSL  services  (ILECs  and  CLECs  are  on  the  same 
team)  with  other  high-speed  data  alternatives  such  as  cable 
modems  and  wireless  media.  Presently,  cable  modems  have 
about  a  5  to  1  lead  over  DSL  in  installed  base.  Once  a  customer 
decides  to  go  with  a  cable  modem  it  is  unlikely  that  they  will 
switch  from  a  cable  modem  to  DSL;  even  if  financial  incentives 
of  lower  monthly  service  charges  are  offered.  The  customer  will 
already  have  an  investment  in  the  cable  modem,  home  wiring, 
installed  software,  familiarity  with  the  cable’s  ISP,  and  so  forth. 
The  Multiple  System  Operators  (MSO’s  =  the  cable  guys)  can 
deliver  video,  data,  voice  both  local  and  long  distance,  and  cable 
TV  in  an  attractively  bundled  services  package.  Although  cable 
modems  can  operate  as  high  as  10Mbps  (lObase  T),  their  more 
realistic  performance  is  in  the  1.5Mbps  regime.  The  price  for  a 
cable  modem  of  about  $300  coupled  with  a  the  monthly  fee  of 
about  $40/month  is  roughly  equivalent  to  DSL. 

Cable  Modems  that  use  Data  Over  Cable  Service  Interface 
Specifications  (DOCSIS)  certified  by  Cable  Labs  will  be 
interoperable  which  may  not  be  the  case  with  all  DSL  modems. 
Cable  modems  do  have  their  own  operational  and  reliability 
issues  such  as  the  need  to  implement  two-way  plant.  Traditional 
CATV  systems  were  designed  to  send  video  from  the  headend  to 
the  customer,  so  they  tend  to  operate  well  only  in  the  downward 
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FIGURE  5.  ACCESS  MEDIA  COMPARISON 
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$20  /  $35 

56  kbps/33.6  Kbps 
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128  Kbps/128  Kbps 
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400  Kbps/33.6  Kbps 

Advantage:  Fast  downstream  speed 
Disadvantage:  Upstream  uses  dial-up, 

complex  and  expensive  installation 
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Advantage:  High-speed  connection 
Disadvantage:  Not  a  dedicated  line 
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service 

Disadvantage:  Limited  by  plant 
conditions 
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13-55Mbps/  1.5-55Mbps 

Frame  Relay 
Tl,  T3 

$300 -$3,000/??? 

56-45  Mps/56— 45  Mbps 

Advantage:  Reliable 

Disadvantage:  Expensive 

LMDS 

? 

50  Mbps 

Advantage:  Bvpassed  local  loop 
Disadvantage:  Wireless  line  of  sight 
needed 

direction.  With  pay  per  view  and  other  services  such  as  voice 
and  data,  CATV  companies  are  investing  billions  of  dollars 
upgrading  their  plant.  Figure  6  presents  the  basic  CATV 
network  architecture  to  deliver  these  broadband  services.  Cable 
modems  operate  on  a  shared  system  similar  to  a  LAN,  so  as 
more  users  connect  to  the  network,  the  system  will  slow  down. 
Some  industry  analysts  have  raised  security  issues  and  service 
quality  concerns  that  the  cable  industry  is  currently  addressing. 


A  major  alternative  to  DSL  in  the  business  applications  market 
is  wireless  LMDS  (Local  Multiport  Distribution)  which  can 
operate  in  the  2 8 GHz  frequency  range  and  deliver  data  at  up  to 
50Mbps.  The  use  of  wireless,  minimizes  local  loop  issues.  It 
offers  high  speed  service  that  bypasses  all  the  local  loop  issues. 

As  broadband  services  expand  into  mass  market  deployment,  it 
is  expected  that  consumer  report  rankings  will  emerge  similar  to 
the  widely  quoted  JD  Power  survey  for  telephony  service.  Such 
rankings  would  allow  direct  comparisons  for  consumers  for 
various  data  alternatives  and  use  criteria  such  as  percent 
availability,  average  upstream  and  downstream  transmission 
rates,  grading  of  technical  support,  and  quality  of  content 
provided.  Informal  rating  are  starting  to  spring  up  on  the  WEB 
as  customers  share  their  “broadband  experience”. 

In  addition  to  the  potential  revenue  enhancement  advantages, 
DSL  service  also  brings  other  benefits  to  an  ILEC.  For  example, 
the  use  of  DSL  will  get  data  traffic  off  the  PSTN  which  will  ease 
network  congestion.  The  average  voice  call  is  4-6  minutes  long 
while  the  average  for  data  is  1-2  hours  and  is  increasing,  while 
and  SOHO  users  are  on  for  many  hours  at  a  time.  The  old  CCS 
calculations  that  guided  telephone  engineers  for  many  years  no 
longer  apply.  DSL  is  designed  to  be  always  on  with  a  dedicated 
line  (some  companies  are  using  a  shared  DSL  modem  pool  to 
provide  a  lower  monthly  cost),  so  there  is  no  need  to  spend  5 
minutes  in  a  dial  up  procedure  just  to  check  football  scores  or 
local  movie  schedules.  However,  if  system  is  down,  it  will  get 
noticed  immediately  by  the  customers.  So  the  old  99.99  percent 
(53  minutes  of  downtime  per  year)  availability  will  not  have  the 
same  meaning  to  every  customer;  including  the  FCC. 


FIGURE  6.  CATV  ARCHITECTURE 


International  Wire  &  Cable  Symposium 


263 


Proceedings  of  the  49th 


Internet 


IP 

Router  / 

ATM 

Switch 


Data 


DSLAM 

ASLAM 

Modem 


ATU-Q 


PSTN 


Voice 


Digital 

Switch 


M 

D 

F 


Copper  twisted  pair 


FIGURE  7.  DSL 
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In  a  voice  world  if  the  phone  system  is  down,  but  I  am  not  on 
the  phone,  it  does  not  mean  that  much  to  me.  In  a  DSL  data 
world  customers  will  know  when  the  network  is  down  because 
they  will  loss  their  DSL  connections  and  have  to  re-log  in.  If 
ADSL  fails  to  POTS  so  lifeline  service  is  preserved  which  may 
not  be  the  case  with  voice  over  cable  or  other  DSL  systems  like 
HDSL.  So  customers  will  know  when  there  DSL  system  is 
down.  This  DSL  demon  will  result  in  increased  trouble  reports 
and  their  associated  expenses.  Some  DSL  services  like  HDSL 
could  hurt  revenue  since  they  provide  similar  service  as  a  T1 
line  but  at  a  fraction  of  the  monthly  fee.  VDSL  is  the  “mother” 
of  all  DSLs  and  can  provide  voice,  data,  and  full  video  services. 
For  services  like  video  conferencing  300Kbps  is  required,  but  to 
provide  MPEG  quality  video  3Mbps  would  be  required  and 
VDSL  is  needed.  Reviews  are  under  way  to  determine  if  VDSL 
can  support  more  than  HDTV  in  a  home. 


DSL  Issues 

The  fundamental  network  architectures  for  DSL  delivery  shown 
in  Figures  7  and  8  can  be  visualized  as  pipelines  to  the  customer. 
There  are  several  areas  where  these  pipelines  can  “spring  a  leak” 
reducing  DSL’s  value  to  the  customer  and  reducing  shareholder 
return  to  the  service  provider  (Figure  9  below).  Each  one  of 
these  points  is  a  network  operations  area  that  needs  to  be 
analyzed,  repaired  and  maintained.  If  only  one  or  two  “leaks” 
are  plugged,  the  increased  pressure  along  the  rest  of  the  pipe  will 
cause  more  “leaking”  at  other  susceptible  points.  Below  we  will 
discuss  these  critical  points  that  exist  in  the  DSL  network. 

What  happens  when  DSL  service  fails  after  the  COs  are  declared 
ready  with  DSLAMs  in  place,  and  the  customers  have  their  NIC 
cards,  modems,  and  software  installed  and  ready?  Ultimately  in 
such  a  case,  the  blame  for  the  broken  or  leaking  DSL  service 
will  be  placed  on  the  shoulders  of  the  people  with  responsibility 
for  outside  plant. 

Process  Flow 

To  repair  and  maintain  this  DSL  pipeline,  a  diverse  collection  of 
technical,  management  and  marketing  individuals  and  groups 
have  to  work  together  for  a  successful  DSL  deployment.  Figure 
10  below  illustrates  the  complex  interplay  of  groups  that  need  to 
communicate  to  provide  efficient  and  reliable  DSL  broadband 
service. 

Central  Office  Issues 

One  of  the  first  possible  critical  points  is  the  central  office  (CO). 
DSLAMs  need  to  be  installed  properly  and  a  certification 


process  should  be  in  place  to  help  ensure  that  the  DSLAMs  are 
ready  for  service.  In  our  review  of  central  offices,  we  have 
found  issues  that  impede  DSLAM  installation.  In  one  case,  no 
signal  or  response  was  found  during  our  remote  testing  back  to  a 
central  office  that  was  listed  as  having  a  DSLAM  installed  and 
working.  Further  investigation  determined  that  the  DSLAM  was 
at  the  CO,  but  still  sitting  crated  on  the  receiving  dock. 
Unfortunately,  according  to  the  process  flow  records,  this 
situation  constituted  a  DSL  ready  central  office.  We  have  also 
found  installed  DSLAMs  that  could  not  communicate  to  the 
ATM  switch,  and  others  that  had  incorrect  IP  addresses  so  that 
the  software  handshake  with  the  IP  Router  was  not  possible. 

In  visits  to  COs  with  working  DSLAMs,  we  saw  large 
commercial  floor  fans  pointed  directly  at  the  equipment  that 
were  needed  to  cool  the  equipment  and  keep  it  running.  There 
was  no  apparent  plan  to  redesign  either  the  building  A/C  or  the 
DSLAM  equipment  to  provide  for  heat  dissipation.  While  the 
fans  may  cool  the  system,  they  were  clearly  blowing  dust  and 
other  particulate  contaminants  directly  on  the  equipment  that 
may  shorten  its  life. 

As  more  and  more  customers  sign  up  for  DSL,  the  backbone 
needed  for  connections  to  the  ISPs  will  become  overloaded,  so 
additional  fiber  capacity  will  be  needed.  Some  ISPs  are  being 
fed  with  DS1  lines,  but  it  looks  like  at  least  a  fiber  optic  OC-3 
should  be  provided  to  reduce  network  congestion. 

To  address  spectrum  management  and  interference  issues  in 
COs,  some  folks  are  using  expensive  shielded  cable,  which  adds 
significant  expense.  Much  of  this  CO  information  on  actual 
deployment  problems  of  the  DSLAM  switch  and  local 
environmental  (heat)  problems  remains  limited  to  the  local 
management  level.  These  issues  only  come  to  the  surface  after  a 
number  of  major  congestion  problems,  increased  trouble  reports 
or  escalating  held  line  orders  are  reported. 


Standards 

Interoperability  of  DSL  equipment  needs  to  be  established  and 
maintained.  In  one  instance  we  saw  modems  that  could  not  talk 
to  their  intended  DSLAM  without  being  reconfigured.  If  DSL  is 
to  flourish,  interoperability  is  key.  There  are  many  industry 
efforts  underway  in  this  area.  The  following  is  a  reference  to 
some  of  the  industry  documents  that  are  available  on  DSL. 
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FIGURE  10.  DSL  END  USER  SERVICE  ACTIVATION  FMO  PROCESS 


FIGURE  11.  DSL  STANDARDS 

Study  Area 

Status 

Title 

ADSL 

G.992.1 

Determined  (10/98) 

Asymmetric  Digital  Subscriber  Line  (ADSL)  Transceivers 

ADSL 

G.992.2 

Determined  (10/98) 

Splitterless  Asymmetric  Digital  Subscriber  Line  (ADSL)  Transceivers. 

XDSL  (generic) 

G.996.1 

Determined  (10/98) 

Test  Procedures  for  Digital  Subscriber  Line  (DSL)  Transceivers. 

ADSL 

G.997.1 

Determined  (10/98) 

Physical  layer  Management  for  Digital  Subscriber  Line  (DSL)  Transceivers. 

XDSL  (generic) 

G.994.1 

Determined  (10/98) 

Handshake  Procedures  for  Digital  Subscriber  Line  (DSL)  Transceivers. 

S(H)DSL 

G.991.2 

Single  Pair  High  Speed  Digital  Subscriber  Line  (SHDSL)  Transceivers. 

VDSL 

G.993 

Very  High  Speed  Digital  Subscriber  Line  (VDSL)  Transceivers. 

XDSL  (generic) 

G.995.1 

Determined  (10/98) 

Overview  of  Digital  Subscriber  Line  (DSL)  Recommendations. 
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Loop  Qualification 

The  next  critical  point  is  duing  loop  qualification  and  circuit 
conditioning.  Telcordia  offers  a  DSL  loop  qualification  service 
to  address  loop  qualification  issues.  To  avoid  a  false  positives 
and  high  numbers  of  held  line  orders,  many  carriers  are  taking  a 
very  conservative  approach  in  who  they  qualify  for  DSL  service. 
So  who  are  the  chosen  ones?  Well,  a  qualified  customer 

•  needs  to  have  DSLAM  installed  in  their  local 
central  office, 

•  must  be  within  the  serving  loop  distance 
guidelines 

(e.g.,  the  Carrier  Service  Area  (CSA)  Guidelines 
are 

9Kft  for  26  AWG  wire  loop  and  12kft  for  24 
AWG  wire  loop), 

•  needs  all  the  load  coils  removed,  and 

•  minimal  bridge  taps  on  their  circuit  loop 

So  what  customer  base  does  that  leave?  The  USA  has  about  160 
million  access  lines  with  approximately  60%  residential  within 
the  1 2kft  average  loop  length.  About  20%  have  load  coils. 
Bridge  taps  and  mixed  wire  gauges  are  ubiquitous  throughout 
the  network.  The  average  loop  has  20  splices  that  can  corrode, 
attenuate  and  reflect  signals. 

At  the  present  time  in  order  to  reduce  the  number  of  false 
positives  (telling  customers  they  can  get  DSL,  when  they  really 
can’t)  service  providers  have  been  very  conservative  in 
indicating  who  they  can  provide  service  to.  As  we  move  to  mass 
DSL  deployment  the  rules  will  lessen  and  we  will  extent  the 
offer  reach  from  12Kft  to  15  or  even  18Kft.  As  we  move  further 
in  the  network,  the  DSL  transmission  signal  will  weaken  and  be 
more  susceptible  to  plant  conditions,  noise  and  other  spectrum 
issues. 

Outside  Plant  Issues 

Load  coils  were  intended  to  counteract  capacitance  and  increase 
POTS  service  reach.  Since  these  load  coils  block  the  passage  of 
DSL  signals,  they  must  be  removed  to  provide  DSL  service.  We 
have  not  seen  companies  with  a  plan  for  widespread  removal  of 
load  coils.  The  end  result  is  that  technicians  are  going  into  a 
manhole  and  removing  one  load  coil  today  knowing  full  well 
that  they  will  be  back  to  remove  more  coils  on  the  following  day 
or  the  next  week.  Circumstances  have  occurred  where  customers 
that  were  turned  away  by  an  ILEC  because  the  ILEC  was  not 
willing  to  provision  the  plant  (too  costly  to  condition  the 
circuit).  The  customer  would  then  call  the  competing  CLEC, 
who  in  turn  called  the  ILEC  who  is  then  required  to  provision 
the  plant  by  removing  load  coils  and  bridge  taps  for  that  single 
circuit.  While  the  ILEC  may  be  compensated  by  the  CLEC  to 
provision  the  plant  in  such  circumstances,  it  may  be  losing  a 
DSL  customer.  Changing  plant  configuration  to  supply  a  single 
DSL  circuit  is  inefficient  for  engineering  groups,  installation 
technicians  and  can  lead  to  future  field  problems  if  plant  records 
are  not  routinely  updated. 

Bridge  taps  (intended  to  make  it  easier  to  add  and  drop 
customers)  add  attenuation  and  reflection,  and  crosstalk  to  DSL 
signals.  The  number  or  length  of  these  bridge  taps  must  be 
minimized.  We  have  found  that  the  negative  effects  on  DSL 
service  performance  were  much  worse  if  the  bridge  tap  is  closer 


(<1000  ft.)  to  the  customer.  Therefore,  the  decision  as  to  which 
bridge  taps  to  remove  is  critical  to  the  time  and  expense  needed 
to  provision  a  line.  Again,  the  folks  responsible  for  DSL  in  the 
outside  plant  need  to  have  the  same  detailed  and  thought-out 
methods  and  procedures  for  DSL  that  they  now  enjoy  for  POTS. 

The  next  outside  plant  issue  to  address  is  that  those  customers 
served  by  Digital  Loop  Carrier  (DLC),  and  Next  Generation 
Digital  Loop  Carrier  (NGDLC)  that  cannot  get  DSL  unless 
equipment  (MiniRAMS)  are  installed.  Depending  on  location 
DSL  concentration  ranges  from  15%  to  70%.  Installation  of 
remote  equipment  is  expensive  and  can  create  heat  dissipation 
and  space  limitation  issues  when  installed  in  a  HUT,  CEV  or 
cabinet.  Real  Estate  and  right  of  way  issues  necessitate  that 
remote  DSL  equipment  must  take  up  as  little  room  as  possible. 
What  does  the  future  hold?  Possibly  co-location  requirements 
currently  employed  inside  the  central  office  will  be  applied 
analogously  in  some  manner  to  that  outside  plant. 

Further  possible  critical  points  are  the  physical  components  of 
the  network  itself  and  their  associated  impairments.  There  is  a 
fundamental  design  gap  in  the  outside  plant  used  for  DSL.  The 
Voice  Public  Switched  Telephone  Network  (PSTN)  was 
designed  for  4Khz,  while  DSL  operates  at  least  at  400Khz,  and 
in  the  1.1  Mhz  range  depending  on  line  conditions.  This 
approach  of  using  for  digital  data,  a  network  designed,  built  and 
maintained  for  analog  voice  service,  is  not  unexplored  territory. 
The  past  experience  and  issues  addressed  with  ISDN  and  Caller 
ID  involve  basically  the  same  basic  problem  -  putting  digital 
signals  on  a  network  that  was  designed  for  analog  traffic. 

The  situation  becomes  further  complicated  if  work  is  performed 
in  the  outside  plant  to  remove  load  coils  and  bridge  taps. 
Trouble  rates  may  increase  and  customers  not  ordering  DSL 
may  have  trouble  with  their  phones. 

During  our  field  work,  the  F2  plant  records  (the  last  mile  of  the 
loop)  were  often  of  questionable  reliability  which  makes 
provisioning  and  trouble  shooting  difficult.  We  know  that 
splices  and  different  wire  gauges  (reflections)  raises  issues,  but 
inaccurate  F2  records  makes  it  extremely  difficult  to  trace  pairs 
and  determine  root  causes  of  problems  that  are  experienced.  One 
such  interesting  DSL  “demon”  was  traced  to  mid-span  drop 
splices.  The  drop  wire  will  bend  and  flex  in  the  wind,  which  can 
cause  a  change  in  wire  characteristics  that  will  create  “digital” 
problems  that  will  be  hard  to  trouble  shoot.  Such  continual 
flexing  can  reduce  wire  cross-section  and  therefore  reduce  the 
effective  gauge  as  well  as  cause  fatigue  fractures.  It  took  two 
weeks  to  identify  this  particular  trouble  on  one  job  because  it 
was  intermittent.  So  please  no  mid-span  drop  splices. 

Dampness  in  cable  and  induced  AC  (hum)  can  adversely  affect 
the  speed  and  quality  of  DSL  transmission.  For  voice  service 
wires,  merely  making  physical  contact  was  adequate.  This  is  not 
true  for  digital  service.  Some  of  the  old  demons  that  mildly 
interfere  with  POTS  service  such  as  DC  faults,  series  resistance 
faults,  opens,  crossed  battery,  and  circuit  unbalance  will  cause 
major  problems  for  DSL  service.  The  transmission  demands  for 
digital  service  are  more  demanding  than  for  simple  voice  analog 
service.  We  have  all  experienced  these  problems  with  today’s 
digital  equipment,  faxes,  caller  ID  and  so  forth. 

Network  components  such  as  MTUs,  RFI  Filters, 
electrical  protection  devices  with  high  capacitance,  high 
resistance  heat  coils  can  be  an  issue  particularly  with  high 
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FIGURE  12.  PHYSICAL  NETWORK  IMPAIRMENTS 


frequency  services  like  VDSL.  Corrosion  and  poorly 
maintained  plant  will  be  even  more  of  an  issue  with  DSL. 
To  compensate  for  poor  plant  conditions,  companies  are  using 
ISDL,  which  is  ISDN  based,  and  can  reach  longer  distances,  and 
RDSL  which  is  Rate  Adaptive  DSL  will  adjust  data  rate  based 
on  plant  conditions.  The  following  photographs  illustrate  plant 
conditions  that  we  have  found  that  POTS  service  still  worked 
over,  but  DSL  would  be  impossible. 

Proactive  Maintenance  as  a  DSL  Solution 

One  approach  followed  by  various  companies  is  to  complete  a 
close  review  of  their  proactive  maintenance  plans  to  promote 
cost-effective  and  reliable  DSL  deployment.  We  all  know  that 
proactive  maintenance  is  a  real  winner  for  POTS  by  increasing 
service  quality  levels  and  reducing  trouble  report  and  repeat 
rates,  but  if  done  right  proactive  maintenance  can  also  extend 
the  reach  of  DSL,  lead  to  faster  data  rates,  and  increased  quality 
of  service. 

Spectrum  Management  Issues 

An  additional  critical  point  is  the  complex  area  of  spectrum 
management  issues.  As  you  can  see  from  Figure  12,  some  DSL 
services  do  not  “play  nice”  together.  Crosstalk  and  signal 
interference  can  reduce  data  transmission  rates,  increase  bit¬ 
error-rates  or  even  cause  service  disconnection. 

There  can  also  be  noise  on  the  line  from  sources  such  as 

•  lightning, 

•  induced  AC  from  electrical  transmission  as 
well  as 

•  from  building  electrical  equipment  rooms 
and  closets, 

•  transformers,  and 

other  similar  sources  that  can  interfere  with  DSL  service.  We 
even  have  trouble  incidents  that  we  traced  to  a  household  light 
dimmer  switch  interfering  with  transmissions  rates.  Radio  (RFI) 
particularly  from  high  powered  AM  radio  station  will  also  be  an 
issue.  So  areas  that  have  “music  on  the  line”  will  also  have 
problems  with  certain  flavors  of  DSL.  Since  ADSL  uses 
relatively  low  signal  power  levels  and  low  frequencies,  it  is 
unlikely  to  radiate  to  interfere  with  other  services.  ADSL  is 


more  likely  to  be  a  victim  of,  not  a  cause  of,  RFI  interference 
problems.  VDSL  also  has  low  signal  power,  but  high  frequency, 
so  the  balance  of  the  cables  with  the  shorter  wavelength  (due  to 
high  frequency)  can  make  an  efficient  antenna. 

Looking  at  conducted  emissions,  other  DSL  signals  in  the  same 
cable  bundle  with  overlaps  in  spectrum  will  cause  interference. 
Non-linear  components  in  telephone  sets  (zener  diodes)  result  in 
inter-modulation  with  products  from  the  upstream  signal  which 
will  cause  interference.  Even  simple  on  hook/off  hook 
operations  may  lead  to  interference.  FEXT  for  HDSL  and 
repeated  T1  can  interfere  with  ADSL  if  in  the  same  cable  bundle 
or  even  simply  co-located  in  the  same  cable  conduit/tray. 

Many  of  the  spectrum  issues  will  be  at  the  customer’s  location. 
What  type  of  wiring  is  required,  and  should  the  existing  wiring 
be  replaced?  Initial  studies  indicate  that  Category  3  wire  as 
defined  by  TIA  568A  may  be  sufficient  for  most  DSL 
applications.  We  have  all  heard  about  DSL  issues  in  the  last 
mile,  well  most  of  our  big  issues  may  occur  in  the  last  100  feet. 
We  can  provide  DSL  to  the  network  interface  of  a  multiple 
tenant  unit  such  as  an  apartment  building,  mall,  college 
dormitory,  but  the  digital  signals  still  must  travel  over  the 
building’s  or  complex’s  private  copper  network. 


FIGURE  13.  DSL  SPECTRUM  MANAGEMENT 
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At  the  Customer 

One  of  the  more  persistent  critical  points  will  be  provisioning  at 
the  customer  location.  If  a  splitter  is  required  a  truck  roll  is 
needed  to  place  the  splitter  in  the  NID.  It  would  be  beneficial  if 
at  that  point  the  technician  checked  to  see  if  DSL  was  available 
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at  the  NID  before  the  third  party  installer  visits  to  install  the 
Network  Interface  Card  (NIC)  in  the  computer  with  software, 
and  modem  or  if  the  customer  will  do  the  installation.  Many 
companies  are  using  G-Lite  (splitterless),  and  the  customer  can 
do  the  complete  installation.  We  have  seen  crosstalk  and 
interference  issues  with  the  use  of  G-Lite  and  FAX  machines 
and  caller  ID  boxes. 

As  DSL  moves  past  the  “early  adopter  phase”  to  mass 
deployment,  can  customers  do  installations?  To  date  we  have 
seen  a  high  rate  of  initial  troubles  with  customer  installations, 
with  as  much  as  a  70%  initial  trouble  rate.  Also,  with  self¬ 
installs  it  may  be  difficult  for  the  service  provider  to  accurately 
determine  if  their  service  commitments  have  been  met  and  the 
data  throughput  that  the  customer  is  getting.  And,  as  discussed 
above,  another  installation  issue  is  the  customer  inside  wiring. 


Testing  and  Trouble  Shooting  and  the 
Technician 

So  let’s  assume  we  have  the  CO,  outside  plant,  and  customer 
end  all  provisioned.  How  do  we  effectively  plan  to  test  and 
trouble  shoot  DSL?  How  will  DSL  troubles  be  coded  to 
determine  if  the  trouble  is  in  the  DSLAM,  the  outside  plant  or  at 
the  customers  end?  If  you  can’t  track  where  and  what  the 
problems  are,  you  can’t  study  the  issues  and  put  proper  plans  in 
place. 

For  traditional  POTS,  the  MLT  has  proved  effective,  but  MLT 
will  not  give  the  complete  picture  for  DSL,  so  a  remote  testing 
solution  is  needed.  In  addition,  new  trouble  codes  may  be 
needed  so  that  DSL  troubles  can  be  easily  identified.  The  overall 
load  on  the  technicians  will  increase  with  mass  DSL 
deployment,  which  may  cause  other  jobs,  like  proactive 
maintenance  to  suffer,  which  will  lead  to  ever-increasing 
troubles.  If  the  trouble  rate  is  high,  and  resources  are  limited  we 
usually  focus  on  resolving  the  troubles,  and  not  on  proactive 
maintenance.  Since  we  would  not  be  focused  on  proactive 
maintenance,  the  plant  degrades  and  we  get  more  troubles, 
which  leads  to  less  proactive  maintenance,  which  leads  to  more 
troubles  and  so  on  in  a  feedback  loop  that  wastes  technician’s 
time  and  a  company’s  money.  Proper  test  tools  and  trouble 
ticket  data  mining  are  necessary  to  establish  a  path  for  proper 
maintenance  of  broadband  services. 

Technicians  and  operational  managers  need  the  knowledge  to 
install,  provision  and  trouble-shoot  DSL.  Intelligent  use  of  a 
TDR  (not  just  looking  for  a  physical  connection  anymore)  is 
needed  to  maximize  the  information  on  plant  condition,  trouble 
location  and  root  cause  that  can  be  deduced  from  a  TDR  profile. 

Since  various  DSL  services  require  higher  working  voltages 
than  POTs  lines,  technicians  MUST  follow  safety  rules.  With  the 
unbundling  of  network  elements,  the  technicians  may  not  know 
what  services  are  providing  in  a  loop  that  they  are  working  with. 
The  causes  safety  concerns,  and  spectrum  management  issues.  It 
is  important  to  note  that  outside  plant  technicians  and  their 
managers  must  be  well  trained.  Most  customer  interaction  is 
with  the  technician,  and  customers  will  gauge  their  view  of  the 
service  provider  based  on  the  knowledge  and  professionalism  of 
the  technician.  The  customer  does  not  see  all  the  equipment  in 
the  CO,  care  about  the  OSP  conditions,  or  care  about  the  internal 
company  processes.  All  they  care  about  is  that  they  get  the 
service  they  are  paying  for.  If  it  is  broken  then  they  expect  a 
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technician  who  is  knowledgeable  and  really  cares  about  solving 
their  problem,  who  arrives  promptly  at  their  door.  All  customer¬ 
facing  personnel  are  critical  to  the  growth  of  DSL  services  and 
revenues;  i.e.,  installers,  repair  technicians  and  service 
representative. 

To  maximize  DSL  deployment  and  broadband  revenues,  service 
providers  will  need  analyst  angels  to  identify  DSL  “demons” 
and  eliminate  critical  points  in  the  network  outside  plant, 
marketing,  provisioning  and  quality  assurance  processes.  The 


conditioning,  repair,  and  maintenance  of  the  physical 
components  in  the  network  will  be  a  critical  component  in 
closing  the  gap  between  the  potential  of  DSL  the  realized 
service  quality,  performance  and  revenues. 


The  author  would  like  to  thank  Dr.  Trevor  Bowmer  of  Telcordia 
Technologies,  Inc.  (formerly  Bellcore)  for  his  review  and 
assistance  in  writing  this  article. 
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Abstract 

This  paper  presents  the  cabling  systems  defined  by  France 
Telecom  for  offering  xDSL  services  in  residential  and  business 
environments. 

The  first  part  of  the  paper  will  describe  the  residential  aspects  with 
the  definition  of  a  new  cabling  system  for  new  buildings,  able  to 
offer  several  narrowband  and  broadband  interfaces  to  users  in 
apartments,  creating  a  lasting  installation  and  significant  mobility. 
The  second  part  deals  with  broadband  services  to  business 
customers.  High  performance  cabling  systems  have  to  be  defined 
with  regard  to  access  technology  (such  as  ADSL)  and  the  bit  rate 
supplied  (several  dozen  Mbits/s)  to  the  existing  customer  LAN. 

Keywords 

Customer  premises  network;  home  network;  cabling  system; 
copper  cable;  optical  cable;  xDSL  systems; 

1.  Introduction 

France  Telecom  is  currently  deploying  ADSL  technology  in 
several  towns  in  France  and  testing  other  technologies  (like 
VDSL)  in  field  trials. 

These  techniques  allow  high  bit  rates  (from  500  Kbits/s  for 
residential  to  several  Mbits/s  for  business)  for  the  delivery  of 
broadband  services  such  as  high  speed  Internet  access, 
networking,  etc. 

The  aim  of  telecommunications  operators  is  to  distribute  all  these 
services  to  the  Customer  Premises  Network  (CPN),  to  the  home  of 
the  residential  customer  as  well  as  the  Local  Area  Network  (LAN) 
of  the  business  customer. 

The  residential  approach  takes  into  account  two  important  points, 
the  re-use  of  existing  cabling  and  the  realization  of  new  cabling 
systems.  The  business  approach  describes  cabling  systems  in 
terms  of  building  backbone  and  horizontal  cabling  systems  taking 
into  account  existing  cabling  and  the  evolution  of  cabling  systems 
for  the  performance  of  field  trials. 

2.  Residential  approach 
2.1  Introduction 

For  the  residential  customer,  2  scenarios  will  be  considered  for 
bringing  narrowband  and  broadband  services  into  the  house:  re¬ 
use  of  the  existing  cabling  system  and  the  creation  of  a  new 
cabling  system. 

The  two  approaches  differ  completely.  In  the  first  scenario,  the 
customer  premises  network  (CPN)  is  re-used  without  any  work 
required  inside  the  house  or  the  apartment,  which  is  very  much 
appreciated  in  the  residential  environment. 


The  second  situation  concerns  new  buildings  or  the  restoration  of 
older  buildings.  It  consists  in  the  creation  of  a  new  cabling  system 
able  to  deliver  all  home  services  to  all  rooms  in  the  house, 
allowing  significant  mobility  for  the  customer  and  a  long  lifespan 
for  the  CPN  infrastructure. 

Firstly  we  shall  describe  the  existing  CPN,  showing  how  it  is  re¬ 
used  for  the  multiservices  CPN  and  ADSL  architectures.  Then,  we 
shall  define  the  new  cabling  systems  designed  to  bring  multimedia 
services  into  the  home  network. 

2.2  Existing  cabling  system 

2.2.1  Existing  CPN 

The  existing  CPN  for  residential  customer  is  described  in  figure  1 . 
Since  the  1970s,  to  deliver  POTS  services  France  Telecom  has 
deployed  an  Unshielded  Twisted-Pair  (UTP)  cable  with  a  capacity 
of  2  or  4  pairs  and  a  transmission  quality  equal  to  category  3 
(UTP-3).  The  cable  is  put  on  a  bus  or  Y  (two  branches) 
architecture  with  “T”  connectors.  The  point  of  France  Telecom 
services  delivery  is  called  the  Network  Interface  Device  (NID). 
The  home  network  is  of  average  quality  but  is  sufficient  for  POTS 
service  transmission,  for  which  it  was  created. 


Figure  1 :  Existing  CPN  for  residential  customer 


2.2.2  Multiservices  CPN 

The  more  current  4  pair  UTP-3  cable  (about  80  %),  is  used  in 
existing  CPNs  as  shown  in  the  following  table: 


Pairs/services 

POTS 

ISDN 

ADSL 

No.  1 

linel 

U  access 

ADSL  +  line  1 

No.  2 

line  2 

line  1 

line  2 

This  applies  to  the  “Plug  &  Phone  or  Play”  solution  where  the 
active  equipment  is  placed  on  one  dedicated  outlet  on  the  CPN. 
With  ISDN,  the  network  line  (“U  access”)  is  brought  up  to  the 
dedicated  outlet  to  connect  the  ISDN  Network  Termination  (NT). 
ADSL  needs  only  one  pair  (see  the  description  in  the  next 
section).  This  ADSL  solution  is  called  “distributed  filter.” 
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The  use  of  an  existing  CPN  with  the  active  equipment  placed  at 
the  entrance  of  the  house  (at  the  NID)  is  described  in  the 
following  table: 


Pairs/services 

POTS 

ISDN 

ADSL 

No.  1 

Line  1 

Line  1 

Line  1 

No.  2 

- 

S  Bus  (R) 

- 

No.  3 

Line  2 

Line  2 

Line  2 

No.  4 

- 

S  Bus  (E) 

ADSL 

Here,  with  the  active  equipment  placed  at  the  entrance,  before  the 
CPN,  several  outlets  can  be  used  for  broadband  services.  With 
ISDN,  the  user  interface,  called  “S  bus”,  using  2  pairs,  is 
distributed  to  all  rooms  and  allows  the  connection  of  ISDN 
terminals  in  all  outlets  via  adapters.  The  ADSL  solution,  called 
“master  filter”,  is  described  in  the  next  section. 

2.2.3  ADSL  architectures 

As  mentioned  above,  two  solutions  exist  for  the  distribution  of 
ADSL  services  to  existing  CPNs:  the  “distributed  filters”  solution 
and  the  “master  filter”  solution. 

With  the  “distributed  filters”  solution,  no  changes  to  the  existing 
CPN  are  required  (see  figure  2).  Both  ADSL  and  POTS  signals 
are  transmitted  on  the  same  pair  inside  the  rooms  on  all  outlets. 
The  low-pass  filters  (LPF)  are  distributed  on  the  “T”  outlets 
connected  to  analog  phones.  On  the  outlet  dedicated  to  the  ADSL 
signal,  the  ADSL  modem  is  connected  via  an  adapter.  The  PC 
terminal  is  connected  to  its  ATM  or  Ethernet  interface. 


Figure  2:  The  “distributed  filters”  solution 


When  the  “distributed  filters”  solution  is  not  possible  (because  of 
CPN  complexity  or  long  lines),  the  “master  filter”  solution  is  used 
(see  figure  3).  The  filter  is  placed  at  the  entrance  to  the  NID  point 
(end  of  public  network).  The  POTS  signal  is  re-injected  on  pair 
no.  1  of  all  the  CPN  branches.  The  ADSL  signal  is  injected  on  a 
free  pair.  A  modification  is  made  to  the  existing  CPN. 

These  two  scenarios  only  allow  one  PC  terminal  to  be  used.  The 
current  objective  is  to  make  it  possible  for  the  customer  to  install  a 
mini-LAN  (Local  Area  Network)  to  use  several  PC  terminals  and 
to  create  a  network. 


Figure  3:  “Master  filter”  solution 


2.3  Multimedia  cabling  system  for  home  network 

2.3. 1  Residential  CPN  stakes 

Today  residential  customers  are  using  an  increasing  number  of 
electronic  devices  in  the  home,  such  as  TV  sets,  phones,  faxes, 
PCs,  printers,  camcorders,  etc.,  and  their  wish  to  connect  these 
devices  together  is  also  increasing.  Furthermore,  new  com¬ 
munication  functions  are  appearing  for  existing  devices  such  as 
refrigerators,  washing  machines,  coffee  machines,  heaters  and 
anything  that  comes  within  the  field  of  “home  automation”. 
Against  the  background  of  this  expanding,  increasingly  popular 
area  of  home  services,  the  major  concern  of  telecommunications 
operators  is  to  forge  partnerships  with  service  providers  and  then 
keep  their  customers  by  improving  their  home  services  offer. 

2.3.2  Different  architectures:  gateways  and  private 
and  collective  networks 

For  the  convergence  of  all  these  services,  with  inter-operability 
between  different  terminals,  the  notion  of  “gateway”  has  been 
created  for  networking  home  resources.  There  are  major  domains 
here,  such  as  audio-video  and  data.  The  most  important  forums 
working  today  on  the  definition  of  a  “residential  gateway”  are 
“HAVI”  (Home  Audio  Video  Interoperability)  and  OSGI  (Open 
Service  Gateway  Initiative). 

Several  different  architectures  and  technologies  are  being  studied 
in  relation  to  the  evolution  of  the  residential  CPN  to  deliver  all  the 
services  to  the  customer.  For  a  private  apartment,  the  services  will 
converge  to  a  private  residential  gateway  (see  figure  4). 

For  collective  apartments,  two  gateways  can  be  combined:  one 
collective  gateway  and  one  private  gateway  (see  figure  5). 


Figure  4:  Private  “gateway” 
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Figure  5:  Private  and  collective  “gateways” 


Figure  7:  Principle  of  multi-terminal  connection 
with  Powerline 


New  specifications  allow  attractive  distances  for  home  networks 
(up  to  100  meters)  on  media  such  as  copper  (cat.  5)  and  optical 
fiber  (glass  and  plastic).  The  following  table  sums  up  the 
specifications  in  relation  to  the  bit  rates. 


2.3.3  Networks  Convergence:  several  transmission 
systems 

For  the  convergence  of  the  different  home  networks  and  inter¬ 
operability  between  communications  terminals,  several 
transmission  systems  can  be  used.  These  systems  use  the  two 
previous  types  of  cabling  systems:  re-use  of  existing  cabling  and 
the  creation  of  new  cabling.  For  the  re-use  of  existing  cabling 
(also  called  “no  new  wire”),  the  techniques  used  involve  the 
“phoneline”  reusing  the  POTS  network  and  the  “powerline” 
reusing  the  existing  low  voltage  network.  The  existing  coaxial 
cable  network  can  also  be  re-used. 

Another  way  to  avoid  changing  the  existing  networks  is  to  use 
wireless  techniques  such  as  “infra-red”  or  “radio”,  with  systems 
like  “DECT,  Bluetooth,  IEEE802.il,  etc.”.  “Phoneline” 
technology  is  based  on  the  Home  PNA  specifications.  The 
principle  is  that  one  pair  is  re-used  on  the  phone  cable  to  connect 
2  PC  terminals  equipped  with  Home  PNA  cards  to  share  high  bit 
rate  Internet  access  such  as  ADSL  (see  figure  6). 


Figure  6:  Connection  of  2  PCs  with  “Home  PNA” 
interface 


The  principle  of  “powerline”  technology  is  also  to  share  a  high  bit 
rate  network  link  between  several  home  devices  connected  to  the 
same  low  voltage  network,  via  a  specific  “powerline”  interface 
(see  figure  7).  The  first  investigations  of  France  Telecom  in  this 
domain  are  described  in  another  paper  of  this  symposium  [1]. 

Another  technology  used  for  the  creation  of  new  cabling  systems 
inside  the  house  (or  for  new  houses)  is  called  “IEEE 1 394”  bus. 
This  “IEEE  1394”  network  allows  the  connection  of  all  types  of 
equipment  with  the  IEEE  13  94  interface  creating  the  home 
network. 


Media/bit  rate 
(Mbits/s) 

S100 

S200 

S400 

S800 

SI  600 

Twisted  Pair 
cat.  5 

ISO/IEC 

11801 

max.  100  m 

Plastic  Optical 
Fiber 

Core  =  1000  um 

max.  50  m 

Hard  Plastic 
Clad  Fiber 

Core  =  225  um 

max.  100  m 

Glass  Optical 
Fiber 

Core  =  50  um 

max.  100  m 

Another  technique  for  creating  a  mini-LAN  in  residential  homes  is 
to  use  the  definition  of  the  business  network  with  category  5 
cables  and  a  class  D  link,  for  example. 

The  details  of  these  networks  are  developed  in  the  following 
paragraph. 

2.3.4  Cabiing  reference  for  buildings  complex 

The  infrastructures  described  below  are  defined  and  produced  for 
new  buildings.  This  field  trial,  performed  near  Paris,  concerns  a 
large  buildings  complex  with  about  1000  apartments  in  quite 
small  buildings,  spread  over  about  12  hectares  (see  figure  8). 


Figure  8:  Schematic  of  buildings  complex  cabling 
system  principle 
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The  objective  is  to  enhance  the  reputation  of  the  property 
developer  and  the  service  providers,  to  propose  alternative 
solutions  allowing  for  the  fixture  integration  of  broadband 
transmission  systems  and  to  perpetuate  investments  while 
reducing  costs. 

The  infrastructures  described  in  figures  9  and  10  take  into  account 
the  different  types  of  access  network  such  as  xDSL  (ADSL, 
VDSL,  SDSL,  etc.)  and  FTTx  currently  deployed  or  used  in  field 
trials  at  France  Telecom. 


The  principle  for  horizontal  cabling  system  inside  the  apartment 
described  in  figure  11  is  to  equip  each  apartment  with  2 
complementary  wiring  networks  (plus  the  coaxial  cable  network 
used  for  CATV  services):  one  classical  POTS  network  (as 
described  in  section  2.2.1  using  cat.5  cables)  and  one  second 
network  with  a  star  topology  cabling  system.  This  cabling  system 
begins  at  the  entrance  (NID)  of  the  apartment  and  each  branch  of 
the  network  is  dedicated  to  one  outlet  for  the  transmission  of 
broadband  services  using  cat.  5  cables  and  cat.  5  “RJ45”  outlets. 


This  infrastructure  covers  a  high  number  of  services  to  customers 
in  both  private  and  collective  areas,  taking  into  account  individual 
services  (POTS,  audiovisuals,  IP,  etc.)  and  collective  services 
(remote  meter  reading,  Intranet,  cyber-spaces,  etc.). 


Figure  9:  Campus  cabling  system  infrastructure 

The  campus  cabling  system  consists  of  two  networks:  one  xDSL 
copper  point  to  point  network  (made  of  classical  cables  used  in  the 
France  Telecom  public  network)  and  one  FTTx  network  (made  of 
optical  loops  connecting  the  buildings).  Outdoor  radio  cover  is 
provided  to  offer  proximity  services  such  as  self-surveillance,  etc. 


Figure  10:  Building  backbone  infrastructure 

The  building  backbone  cabling  system  also  consists  of  two 
networks:  one  with  copper  cables  (xDSL  services)  and  the  other 
with  optical  cables  (FTTx  services).  Empty  tubes  are  installed  in 
order  to  be  able  to  install  optical  cables  and  offer  further  services 
later  on.  Radio  terminals  can  be  used  for  internal  building 
communications  (Intranet,  etc.). 


France  Telecom 


support 

Figure  1 1 :  Schematic  of  housing  cabling  system 
principle 

2.4  Conclusion 

For  residential  customers  the  two  approaches  (re-use  of  cabling 
and  new  cabling  systems)  are  advantageous.  The  first  scenario 
allows  for  optimization  of  the  use  of  existing  cables  inside  the 
house  with  lots  of  services  for  the  customer.  Nevertheless,  some 
parameters  are  limited,  such  as  the  number  of  terminal  devices 
used. 

This  limitation  is  lower  with  the  use  of  technologies  currently 
being  studied  such  as  “phoneline”  or  “powerline”  and  does  not 
exist  anymore  with  the  creation  of  a  new  cabling  system.  In  this 
scenario,  technologies  using  IEEE  1394  bus  or  business  LAN 
cabling  systems  are  very  promising. 

3.  Business  approach 

3.1  Introduction 

Due  to  the  explosion  of  Internet  services,  cabling  systems  for 
business  buildings  are  having  to  support  an  increasingly  high  bit 
rate.  In  this  context,  xDSL  techniques  have  the  advantage  of 
meeting  demand  without  any  major  investment  by  using  the 
existing  network.  Another  important  parameter  for  this  type  of 
customer  is  the  necessity  of  having  a  very  high  quality  of  service: 
low  disconnection  time  and  reconnection  time,  for  example. 

Cabling  systems  for  buildings  can  be  divided  into  two  parts: 

1 .  The  building  backbone  cabling  subsystem  that  extends  from 
the  building  distributor  to  the  floor  distributor.  This  mostly 
uses  the  copper  cabling  system,  but  optical  cabling  systems 
are  being  increasingly  deployed  to  answer  the  increase  in  bit 
rate  and  to  protect  the  network  by  providing  double  cabling. 
Another  alternative  is  to  install  empty  micro  tubes  initially 
and  then  fill  them  with  optical  micro  cables  when  requested. 

2.  The  horizontal  cabling  subsystem  that  extends  from  the  floor 
distributor  to  the  telecommunication  outlet.  This  is  generally 
made  with  category  5  copper  materials  in  accordance  with 
the  ISO  11801  standard  To  respond  to  the  increase  in  bit 


International  Wire  &  Cable  Symposium 


274 


Proceedings  of  the  49th 


rate,  many  solutions  can  be  deployed:  copper  cabling  systems 
with  category  6  or  7  materials,  empty  microtubes  which  will 
be  filled  with  fibers  on  request,  optical  cabling  systems  with 
the  possibility  of  using  converters  at  the  ends  to  make  the 
most  of  existing  copper-based  equipment. 

The  second  part  of  this  paper,  after  making  a  brief  presentation  of 
the  existing  cabling  systems,  presents  various  alternatives  tested  in 
our  laboratory  for  lasting  cabling  systems. 


3.2  Existing  cabling  system 

3.2. 1  Backbone  cabling  subsystem 

The  building  backbone  cabling  subsystem  for  business  buildings 
is  traditionally  made  with  copper  cables,  whether  the  access 
network  uses  copper  or  optical  cables. 

Figure  12  shows  the  typical  architecture  for  delivery  of  services 
based  on  ADSL  techniques. 


Figure  13:  Typical  architecture  for  shared 
equipment 


For  a  higher  bit  rate,  optical  cables  are  commonly  used  with  the 
STM  system.  If  the  optical  equipment  is  common  to  all  the 
customers  of  the  building,  the  backbone  cabling  is  made  with 
copper  cable  and  if  the  optical  equipment  is  dedicated  to  each 
customer  the  backbone  cabling  is  made  with  optical  materials. 
Figure  13  and  14  describe  the  typical  architecture  for  these  two 
cases. 


Figure  14:  Typical  architecture  for  unshared 
equipment 

3.2.2  Horizontal  cabling  subsystem 

The  horizontal  cabling  subsystem  is  usually  class  D  cabling, 
produced  according  to  the  ISO  11 801  [2]  standard  with  category  5 
materials.  Figure  15  represents  the  typical  architecture  with  the 
requested  values  in  terms  of  distances. 


Channel 


Link 


A+D  max  5  m  (7,5  m  electric) 

B  max  5  m  (7,5  m  electric) 

Figure  15:  Horizontal  cabling  architecture 


3.3  Cabling  system  evolution 
3.3. 1  Backbone  cabiing  subsystem 

With  bit  rates  becoming  increasingly  important  for  business 
customers,  the  backbone  cabling  subsystem  is  commonly  created 
with  optical  cables.  To  assure  a  good  quality  of  service  and 
particularly  to  continue  to  provide  services  in  the  event  of  an 
incident  in  the  cabling,  various  options  are  offered  to  protect  the 
network.  Different  levels  are  proposed:  doubling  of  the  backbone 
cables,  doubling  of  the  distributors  or  a  double  link  with  the 
central  exchange.  Figure  16  represents  the  typical  architecture  for 
the  higher  level  of  guaranty. 
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Multicostumer  building 


Customer  1  Customer  2 


Figure  16:  Typical  architecture  for  the  higher  level 
of  guaranty 


Figure  17:  Attenuation  measurements 
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Figure  18:  NEXT  measurements 


Engineering  rules  have  been  established  to  propose  different 
solutions  to  produce  this  type  of  cabling:  cabling  or  precabling 
with  the  point  to  point  technique  or  the  loop  technique  and 
extraction  of  useful  fibers. 

An  alternative  solution  is  to  install  an  empty  microtubes  network 
in  parallel,  which  will  be  filled,  on  request,  with  optical 
microcables.  This  is  an  attractive  solution,  which  allows  for 
limited  investment. 

3.3,2  Horizontal  cabling  subsystem 
3.3.2. 1  Copper  cabling  system 

To  respond  to  the  requirements  of  increasing  bit  rates  taken  to  the 
workplace,  copper  solutions  have  been  found:  category  6  for 
frequencies  of  up  to  250  MHz  and  category  7  for  frequency  of  up 
to  600  MHz.  These  solutions  are  discussed  in  standardization 
bodies. 

A  cabling  system  made  with  category  6  cables  and  connectors  has 
been  tested.  Figures  17  and  18  represent  the  two  main 
characteristics:  attenuation  and  near-end  crosstalk  loss  (NEXT). 


These  solutions  appear  very  promising,  but  the  main  disadvantage 
is  that  they  are  owner  solutions  even  during  discussions  in 
standardization  bodies.  Another  disadvantage  is  that  there  are 
delicate  operations  to  be  performed  in  the  field. 

3. 3. 2. 2  Optical  cabling  system 

Another  solution  for  delivering  higher  bit  rates  is  to  lay  optical 
fibers  up  to  the  outlet.  In  parallel,  using  converters  means  that  the 
most  can  be  made  of  existing  copper-based  equipment. 

A  field  trial  is  currently  being  conducted  inside  our  company 
building  to  study  different  methods  of  bringing  fibers  up  to  the 
outlet.  The  purpose  of  the  experiment  is  to  define  not  only  the  best 
technical  choice,  but  also  the  most  economical  one[3].  Four  types 
of  optical  cabling  system  are  being  tested: 

•  First  zone:  “traditional”  optical  cabling  in  existing 
pathways  where  900  pm  fiber  cables  are  put  in  raceways 
partly  occupied  by  copper  cable. 

•  Second  zone:  “optimized”  optical  cabling  in  dedicated 
“steel  wire”  raceways  where  compact  and  light  cables 
(micromodule  type)  are  installed. 

•  Third  zone:  also  “optimized”  optical  cabling,  but  with 
the  use  of  ribbon  cables. 

•  Fourth  zone:  microtube  laying  where  tubes  with  specific 
characteristics  are  installed  and  microcables  are  put 
inside  on  request  with  blowing  techniques. 


International  Wire  &  Cable  Symposium 


276 


Proceedings  of  the  49th 


The  cabling  laid  supplies  optical  fibers  to  fifty  offices.  Each  office 
has  two  access  points  that  contain  four  outlets,  two  multimode 
(62.5/125  pm)  and  two  single  mode.  Figure  19  shows  the  access 
point  used  for  the  field  trial.  In  this  paper  only  the  results  of  the 
first  and  second  cabling  types  will  be  presented,  as  the  others  are 
planned  for  the  end  of  this  year. 


Figure  19:  Access  point  structure 

The  first  phase  of  the  field  trial  provides  information  used  to  aid 
the  search  for  the  most  effective  way  of  taking  fibre  up  to  the 
outlet. 

The  “steel  wire”  raceway  seems  particularly  well  adapted  to  the 
laying  of  optical  cables,  where  EMC  aspects  are  not  to  be  taken 
into  consideration.  Cables,  which  have  a  micromodular  structure 
present  clear  economic  benefits  both  for  laying  and  end  setting. 
The  OPTOCLIP®II  connector  (push-pull  type)  has  a  slightly 
shorter  installation  time  than  the  VF-15™  connector  (small  factor 
form  type),  but  this  depends  on  the  cable  used  (due  to  the  facility 
of  access  to  the  250  pm  coating)  and  one  of  the  advantages  of  the 
latter  is  its  duplex  configuration  that  makes  cabling  management 
more  attractive  for  the  work  area. 

Two  types  of  rack  have  been  tested:  a  classical  19  inch  rack  and  a 
“wheel  concept”  system  [4].  The  results  show  equivalent 
installation  time.  The  main  advantages  of  the  “wheel  concept” 
system  are  that  its  high  capacity  could  provide  savings  in  floor 
space  and  that  its  management  is  simplified  with  the  use  of  only 
one  length  of  lead. 

3.3.2.3  Microtube  laying  system 

This  solution  consists  in  laying  microtubes  in  which  microcables 
are  installed  inside  later  with  the  blowing-pulling  method[5].  Tubes 
and  cables  with  specific  properties  are  required.  An  adapted 
apparatus  named  Microjet®  is  used  and  provides  additional 
pushing,  enhancing  installation  performance. 

An  experiment  concerned  horizontal  cabling  based  on  the  tubing 
method  combined  with  the  blowing-pulling  technique  has  been 
conducted  in  FTR&D  buildings.  Tubes  supply  about  four  hundred 
offices  with  one  tube  for  each  office.  Due  to  their  low  weight  and 
small  friction  coefficient,  tubes  are  laid  twice  as  fast  as 
conventional  building  cables.  Several  tubes  are  pulled  through  a 
guide  simultaneously  (figure  20). 

In  the  distributor,  tubes  are  connected  to  distribution  closures 
adapted  to  a  19  inch  rack  (figure  21).  This  is  convenient  for 


producing  cabling  on  demand  because  there  is  permanent  access 
to  the  tube  and  fibre  management  is  easy.  In  the  office,  the  outlet 
and  connectors  are  assembled  when  the  cable  is  blown.  The 
blowing-pulling  performance  achieved  with  the  Microjet®  tool 
allows  cable  installation  in  a  complete  horizontal  distribution 
infrastructure.  The  building  presents  cabling  lengths  of  less  than 
one  hundred  meters  with  about  10  or  15  bends  of  90°. 


Figure  20:  Tube  installation 


Figure  21 :  The  distribution  enclosure  in  the 
cabinet 


3.4  Conclusion 

All  the  different  cabling  systems  presented  in  this  part  of  the  paper 
show  that  there  are  many  solutions  to  respond  to  customer 
requests.  The  economic  advantage  of  these  solutions  varies, 
depending  on  the  customer  type  and  the  durability  desired  for  the 
cabling. 

The  increase  in  bit  rate  for  business  customers  implies  that  the 
installation  of  optical  media  is  becoming  an  increasing  reality. 
One  interesting  alternative,  which  needs  a  lower  initial  investment 
than  optical  cabling  systems,  is  to  lay  empty  microtubes  and  fill 
them  on  request  with  optical  microcable. 

4.  Conclusion 

For  the  distribution  of  narrowband  and  broadband  services  to  both 
residential  and  business  customers,  there  are  many  solutions 
which  are  of  interest.  In  the  case  of  residential  users,  the  re-use  of 
existing  cabling  systems  such  as  phoneline  or  powerline  is  useful 
for  the  connection  of  several  terminals  and  for  networking. 

For  new  buildings,  new  cabling  systems  are  created  based  on 
LAN  cabling  systems  or  technologies  such  as  IEEE  1394  bus.  In 
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the  business  approach,  different  copper  and  optical  cabling  system 
solutions  exist  to  respond  to  the  increase  of  bit  rate  in  the 
customer  LAN.  Economically,  the  advantage  of  these  solutions 
varies  depending  on  different  parameters  such  as  customer  type, 
initial  investment,  number  of  outlets  needed,  etc.,  but  the 
installation  of  optical  media  is  becoming  an  increasing  reality.  In 
both  residential  and  business  approaches,  solutions  are  being 
tested  and  validation  in  field  trials  is  in  progress  to  define  cabling 
systems  for  France  Telecom  customers. 
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Abstract 

Due  to  the  close  connection  between  transmission  bit  rates  and 
distances  of  xDSL  systems,  many  limitations  exist  concerning 
maximum  speeds.  Both  systems  used  nowadays,  ADSL  and 
VDSL,  can  reach  up  to  2.5  km  and  300  m  respectively  over 
standard  telephone  lines.  It  is  very  important  to  consider  that  all 
these  systems  are  continually  evolving.  In  fact,  a  new  term  has 
come  out  to  solve  the  existing  confusion,  xDSL.  Under  this  term 
we  can  group  all  the  DSL  technologies,  which  can  include  all 
these  variants  (symmetric  and  asymmetric):  ADSL,  HDSL,  iDSL, 
RADSL,  BDSL,  SDSL,  VADSL  and  VDSL. 

In  this  environment  it  is  very  easy  to  come  to  the  conclusion  that 
copper  lines  must  also  evolve  as  the  demand  for  new  broadband 
services  increases.  The  aim  is  to  obtain  cables  optimised  for  the 
xDSL  technologies. 

The  optimum  parameters  needed  in  xDSL  systems  have  been 
determined  and,  further  to  the  values  obtained,  different  designs 
of  cable  prototypes  have  been  specified  with  pair  count  ranging 
from  12  up  to  200  and  with  different  core  structures,  fillings  and 
materials.  Representative  prototypes  of  the  cable  have  been 
manufactured  and  a  complete  characterization  of  every  cable 
prototype,  up  to  100  MHz,  has  been  done  measuring  all  pairs  of 
the  final  cable  prototypes. 

1.  Introduction 

A  new  copper  pairs  cable  has  been  developed  with  a  high 
precision  symmetric  pairs  manufacturing  process.  The  result  is  a 
cable  that  combines  optimized  transmission  parameters  for  xDSL 
systems,  characterized  up  to  100  MHz,  with  an  unknown  pair 
count/performance,  up  to  200  pairs.  The  optimum  parameters 
needed  in  xDSL  systems  have  been  determined  and,  further  to  the 
values  obtained,  different  designs  of  cable  prototypes  have  been 
specified  with  pair  count  ranging  from  12  up  to  200  and  with 
different  core  structures,  fillings  and  materials.  Representative 
prototypes  of  the  cable  have  been  manufactured  and  a  complete 
characterization  of  every  cable  prototype,  up  to  100  MHz,  has 
been  done  measuring  all  pairs  of  the  final  cable  prototypes. 

Electrical  and  transmission  parameters  have  been  processed  and 
compared  with  standard  conventional  copper  pair  cables  and  with 
the  specified  values  in  the  cable  design.  In  all  cases  the  results 


obtained  have  been  optimum  levels  of  Attenuation,  Return  Losses, 
Impedance  Stability,  NEXT  and  FEXT,  compared  to  conventional 
copper  pair  cables.  All  the  measurements  of  these  parameters 
have  been  used  to  make  a  complete  simulation  of  the  cable  over 
an  A/VDSL  system  in  order  to  determine  the  performance  of  this 
cable  in  terms  of  maximum  transmission  speed  and  distance  over 
DSL  systems. 

Transmission  characteristics  and  loop  reach  over  A/VDSL 
systems  have  been  compared  to  international  standards  and 
conventional  cables.  The  result  is  a  high  length  and  pair  counts 
cable,  capable  of  supporting  current  and  future  DSL  technologies 
with  the  maximum  performance  in  speed  and  distance  and  a 
superior  performance  compared  to  conventional  copper  pairs 
cables. 


Tablel.  Non-POTS  modem  evolution 


Year 

DESCRIPTION 

DISTANCE 

1985 

U-IC  160  Kbps  Duplex 

8-  10  km 

1990 

HDSL  2  Mbps  Duplex 

2.4 -4.9  km 

1995 

ADSL 

1.5-6  Mbps  downstream 
16-640  Kbps  upstream 

1-5.4  km 

1997 

VDSL 

55  Mbps  downstream 

1 .6  -  2.3  Mbps  upstream 

200  -  500  m 

2.  xDSL  Concept 


p - 1.0  -  5.4  kn  - ►! 

Figure  1-ADSL  channels  (Down  and  Upstream  ) 
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As  it  was  mentioned  before,  the  appearance  of  xDSL  systems  is 
based  on  the  use  of  the  existing  spectrum  of  standard  telephone 
subscriber  lines,  further  from  the  telephone  channel  bandwidth. 

The  philosophy  of  these  systems  is  to  offer,  through  the  standard 
telephone  twisted  pair,  an  additional  bandwidth  to  transmit  the 
everyday  much  more  requested  services  (High  Speed  Internet, 
Interactive  TV  ...). 

To  the  traditional  telephone  channel  a  new  possibility  is  added,  as 
we  can  see  in  Figure  1 . 

Nowadays,  downstream  channels  and  upstream  channels  are  in  the 
range  of  1  MHz  or  30  MHz  of  bandwidth,  for  ADSL  and  VDSL 
respectively. 

With  the  systems  development  higher  bandwidths  will  be  needed. 
The  problem  is  with  the  standard  copper  cables,  because  their 
transmission  parameters  degrade  directly  with  the  increase  in 
frequency  and  distance. 

The  cable  developed  has  been  fully  tested  up  to  1 00  MHz,  so  it 
not  only  supports  the  present  systems  up  to  30  MHz,  but  also,  its 
design  foresees  future  developments. 

At  present,  two  methods  of  managing  upstream  and  dowstream 
channels  are  used,  FDM  (Frequency  Division  Multiplexing)  and 
EC  (Echo  Cancellation). 

Each  one  of  these  two  methods  present  different  undesired 
crosstalk  effects  over  the  signal  (Self-NEXT,  Self  FEXT,  etc). 
The  cable  can  guarantee  that  with  both  systems,  because  of  its 
excellent  FEXT  and  NEXT  levels,  together  with  a  suitable 
attenuation  and  interference  protection,  the  future  xDSL  will  be 
possible. 

2.1  Real  Time  Speeds 

One  of  the  main  features  of  this  type  of  codification  is  the 
possibility  to  continually  adapt  to  the  conditions  of  the  line. 

Initially,  xDSL  protocol  information  frames  are  exchanged 
between  the  Local  Exchange  transmitter  and  the  Subscriber 
receiver  to  test  the  Signal  to  Noise  levels  in  the  line  to  the 
different  frequencies.  Once  these  values  are  known,  the  maximum 
number  of  Bits/Tone  that  can  be  sent  in  every  carrier  inside  the 
bandwidth  of  the  signal  is  determined. 

The  previous  process  is  continually  repeated  and  that  is  why  it  can 
be  considered  that  this  type  of  system  is  constantly  adapting  to  the 
conditions  of  the  line.  The  following  illustration  (figure  2)  shows 
this  process. 


Bits/Tone 


Attenuation  +  Noise 


Radio  Frequency 
Interference 


Frequency 


Figure  2.-  Effect  of  attenuation  and  interference 
over  transmission  in  xDSL  systems 


To  the  frequency  where  the  interference  is  significant  (Crosstalk, 
White  Noise,  Gaussian  Noise,  etc)  xDSL  system  considerably 
reduces  the  Bits/Tone  rate.  It  can  also  be  noticed  that  attenuation 
significantly  contributes  to  the  degrading  effects  over  the  system 
bit  rate. 

So  far,  standard  copper  cables  have  been  used  just  for  low 
frequencies  (Telephone  channel),  and  only  ISDN  services  have 
needed  a  little  more  bandwidth,  therefore,  requirements  of  these 
cables  have  been  little  restrictive  and  even  non-existents  to  higher 
frequencies. 

In  the  cable,  parameters  obtained  have  been  optimized  to  achieve 
the  maximum  performance  in  a  band  even  higher  than  the  actual 
xDSL  requirements.  The  effect  over  a  xDSL  system  is  shown  in 
the  picture  below  (figure  3). 


Frequency  Frequency 


Figure  3.-  Effect  of  attenuation  and  interference 
over  transmission  in  xDSL  systems  with  the  new 
cable 


The  parameters  present  a  very  steady  behavior  all  through  the 
band,  and  that  allows  a  bigger  S/N  level  and  consequently  higher 
bit  rates  and  distances,  allowing  xDSL  systems  to  achieve  the 
maximum  of  their  possibilities  in  every  carrier. 
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To  provide  suitable  protection  for  outdoor  applications  and  in 
order  to  avoid  interferences  and  accomplish  EMC  requirements, 
the  cable  core  is  sheathed  with  a  laminated  aluminum  tape  and  an 
outer  PE  jacket. 


2.2  Structure 


Table  2. 

Components  description 

COMPONENT 

NATURE 

Conductors 

0.51  mm  annealed  copper  (24  AWG) 

IEC  Publication  28 

Insulation 

Polythene  (ASTM  D-1248  type  3,  cat.  4) 

Watertightness 

Option  1.-  Fully  Filled  (BTM142) 

Option  2.-  Dry  Core  Cable 

Tape  &  Binder 

Non-hygroscope  &  dielectric  material 

Screen 

Corrugated  Laminated  Aluminium  Tape 
both  side  PE  longitudinally  applied  and 
thermobonded 

Outer  Sheath 

Black  PE  (ASTM  D-1248  type  3),  and 
optionally  HFFR  or  PVC  compound 

Copperplus  family  construction  is  based  on  12  and  13  pairs  sub¬ 
units  or  in  25  pairs  units  (figures  4  &  5). 


Fig.4  -100  pairs  core 
structure  (central  25  pairs 
unit  + 12/13  subunits) 


Fig.5-  50  pairs  core  structure 
(12/13  subunits) 


3.  Cable  Performance 

3.1  Electrical  Characteristics 

Main  electrical  parameters  obtained  in  ALCATEL  cables  are 
shown  in  table  3. 


Table  3.-  Main  electrical  parameter  values 


PARAMETER 

VALUE 

Conductor  resistance  max 

93  q/Km 

Resistance  unbalance  max 

2% 

Dielectric  strength  min  (3  s) 

5  KV  d.c.  or  3.5  KV 
a.c. 

Insulation  resistance,  min. 

5,000  Mq-  Km 

Capacitance  unbalance: 

pair-screen,  max. 

1 ,000  pF/Km 

Propagation  delay: 

max,  at  10  MHz 

5.7  ns/m 

3.2  Transmission  Parameters 

3.2.1  Impedance 

Cables  have  been  specified  to  achieve  the  maximum  stability  in 
impedance  for  the  entire  design  band.  A  typical  curve  is  shown  in 
figure  6. 

Cables  with  100  q  and  120  <;  have  been  designed. 


IMPEDANCE 


Frequency  (MHz) 


Figure  6.-  Average  Impedance  of  a  50  pairs  cable 
3.2.2  Attenuation 

Attenuation  results,  shown  in  table  4  and  in  figures  7  and  8, 
comply  with  the  expected  design  values.  Attenuation  was 
measured  up  to  100  MHz  in  a  cable  test  length  of  200  m. 
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Table  4.-  Attenuation  values 


FREQUENCY 

(MHz) 

Average  Values 
(dB/IOOm) 

0,5 

1,3 

2 

2,7 

10 

6,1 

20 

8,5 

25 

10,5 

40 

12,2 

60 

15 

80 

17,4 

100 

18,9 

Figure  7.-  Attenuation  of  a  50  pairs  CopperPlus ™  cable 

To  understand  better  the  real  deviation  to  high  frequencies  of  the 
attenuation  regarding  the  reference  graph,  the  following  statistical 
table  of  attenuation  of  50  pairs  to  100  MHz  is  presented. 


Figure  8.-  Statistical  graph  of  attenuation  to  100 
MHz  of  a  50  pairs  cable 


3.2.3  Crosstalk  -  NEXT  and  FEXT 

In  NEXT  and  FEXT  results  it  can  be  noticed  that  the  new  cables 
widely  satisfy  the  crosstalk  levels  necessary  to  achieve  the 
maximum  Bit  Rate  vs.  Distance  requirements  in  actual  and  future 
xDSL  systems.  (Figures  9  &  10) 


3.2.4  Return  Loss 

In  table  5,  typical  average  values  of  a  cable  at  different 
frequencies  are  shown. 


Table  5.-  Return  Loss  values 


Frequency 

SRL 

(MHz) 

(dB) 

15 

25,7 

30 

28,2 

50 

30 

70 

24,5 

80 

24 

100 

23,1 
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4.  Performance  of  xDSL  Systems 
(Simulation  Results) 

The  theoretical  capacity  of  a  transceiver  can  be  computed  based 
on  the  SNR  measured  at  the  input  of  the  receiver  and  the 
bandwidth  occupied  by  the  systems.  For  transmission  over  the 
metallic  access  network,  the  SNR  at  the  receiver  is  influenced  by 
the  insertion  of  the  loop  and  the  Xtalk  environment  in  which  the 
system  operates. 

ADSL  (G.992.1)  was  designed  against  an  objective  of  coverage 
over  all  copper  loops  without  load  coils  conforming  to  Revised 
Resistance  Design  (RRD)  rules.  ADSL  can  transport  rates 
between  1  and  8  Mbps  downstream  and  32  to  800  kbps  upstream 
over  loops  of  a  few  kilometers.  Performance  tests  have  been 
specified  in  G.996.1  based  on  a  reference  set  of  noise  models  and 
cable  types  (G.test). 

For  VDSL  (G.VDSL),  there  currently  exists  no  test  specification. 
The  system  requirements  documents  developed  in  the  different 
regional  standardization  bodies  (ANSI-T1E1.4,  ETSI-TM6)  have 
projected  loop  reach  performances  based  on  noise  models  and 
cable  models  developed  and  agreed  upon  in  these  bodies.  It 
should  be  recognized  that  these  models  are  representative  for  the 
noise  environment  in  the  network  of  the  operator  and  the  cable 
types  currently  used  in  the  access  network. 

In  this  document,  the  performance  of  xDSL  services  (A/VDSL)  is 
assessed  under  the  assumption  that  the  “Copper  plus”  cable  type 
is  used  instead  of  the  cable  types  specified  in  the  standard 
documents  for  ADSL  and  VDSL.  Loop  reaches  for  the  different 
service  types  are  simulated  based  on  insertion  loss  measurements 
of  the  cable,  FEXT  and  NEXT  xtalk  measurements  in  a  binder 
filled  with  this  enhanced  copper  cable. 

Based  on  the  results  of  measurements  of  the  cable,  the  parameters 
equivalent  to  the  ones  specifying  in  the  standard  models  were 
derived. 

These  parameters  are  compared  to  those  described  in  the  ETSI 
and  ANSI  standards. 

The  results  show  that  the  cable  developed  will  have  performances 
close  to  that  ANSI  Cat.5  cables,  as  far  as  Xtalk  is  concerned.  The 
FEXT  coupling  is  about  16  dB  lower  as  compared  to  the  standard 
models.  The  NEXT  coupling  is  about  20  dB  lower  as  compared  to 
the  standard  models.  As  a  consequence  the  spectral  efficiency  will 
be  improved  by  over  3  bits/Hz  (as  long  as  NEXT  and  FEXT  are 
the  dominating  noise  at  the  receiver).  In  case  of  using  this  cable, 
the  loop  reach  performances  would  be  increased  substantially  as 
compared  to  the  use  of  the  standard  cable  types. 


4.1  Insertion  loss  of  the  Copper  plus  cable 

The  insertion  loss  of  a  twisted  pair  cable  can  be  modeled  as 

Attn  (in  dB)  =  10.1og10(j/-/(f)|2)= 

10.1og]0(exp(—  d/ d0.(klJf770  +  k2f/f0 ))) 

with  d  the  distance  in  meter  and  d0=  lm;  and  /  the  frequency  in 
MHz ,/0  =lMHz.  The  value  of  the  kl  and  k2  parameters  depends 
on  the  cable  type.  For  the  copper  plus  cable,  the  results  for  the 
mean  of  the  cable  and  for  the  maximum  and  minimum  cables  are 
summarized  in  the  following  tables. 


Mean 

Min 

Max 

K, 

2.22e-3 

2.1 1e-3 

2.29e-3 

k2 

-1.56e-6 

-3.36e-6 

1.01e-5 

Attenuation 


10 


pill 

4 

-  : 

IS 

i 

lilit 

II 

•f/ 

1 

y 

Slill 

111 

li 

1 

1 

i  N 
| 

Bill® 

1 

A’  \ 

■ 

j - 

V 

Frequency  [MHz] 


4.2  FEXT  in  a  Copper  plus  binder 

A  typical  FEXT  model,  computed  as  the  power  sum  due  to  20 
twisted  pairs  in  the  binder,  can  be  expressed  as  follows: 

FEXT  (f)  =  KFgxT20.{d/d0  )(f  / 

where  d  is  the  distance  in  m,  d0=  lm; /is  the  frequency  in  MHz ,f0 
=lMHz;  and  H(f)  is  the  channel  transfer  function.  For  the 
enhanced  cable,  FEXT  (f)  is  the  power  sum  on  the  20  measured 
pairs  and  H  (f)  is  the  fitted  mean  transfer  function.  The  results 
compared  to  the  standard  value  are  summarized  in  the  table 
below. 


CABLE 

ETSI 

ANSI 

ANSI 

Cat.5 

Kfext 

(in  dB) 

-83.76 

-67.00 

-68.14 

-93.30 
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4.3  NEXT  in  a  Copper  plus  Binder 

A  typical  NEXT  model,  computed  as  the  power  sum  due  to  20 
twisted  pairs  in  the  binder,  can  be  expressed  as  follows: 

NEXT(f)  =  KmxTx.(f!fJ5 


5.  Conclusions 

Due  to  the  close  connection  between  Transmission  Bit  Rates  and 
Distances  of  this  kind  of  systems,  many  limitations  will  exist 
concerning  maximum  speeds.  Both  systems  being  used  nowadays, 
ADSL  and  VDSL,  can  reach  up  to  2,5  Km  and  300  m 
respectively,  over  standard  telephone  lines. 

The  developed  cable ,  due  to  its  optimized  parameters  can  increase 
distances  to  which  these  systems  can  work  to  the  maximum  bit 
rates. 

It  is  very  important  to  consider  that  all  these  systems  are 
continually  evolving.  In  fact,  a  new  term  has  come  out  to  solve  the 
existing  confusion,  xDSL.  Under  this  term  we  can  group  all  the 
DSL  technologies,  which  can  include  all  these  variants 
(asymmetric  and  symmetric):  ADSL,  HDSL,  iDSL,  RADSL, 
SDSL,  BDSL,  VADSL  and  VDSL. 

In  this  environment  it  is  very  easy  to  come  to  the  conclusion  that 
copper  lines  must  also  evolve  as  the  demand  for  new  broadband 
services  increases.  ALCATEL  has  anticipated  the  future  by 
developing  a  new  cable,  manufactured  with  high  precision 
symmetric  pairs,  that  provide  optimized  parameters  to  face  the 
requirements  for  the  current  and  future  technologies. 


where  /  is  the  frequency  in  MHz,  f0  =lMHz.  For  this  cable, 
NEXTff)  is  the  power  sum  on  the  20  measured  pairs.  The  results 
compared  to  the  standard  value  are  summarized  in  the  table. 


CABLE 

ETSI 

ANSI 

ANSI 

Cat.5 

Knext 

(in  dB) 

-62.92 

-42.00 

-42.88 

-67.15 

NEXT  Coupling 
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Abstract 

Longitudinal  stability  is  one  of  the  most  important  properties 
of  buffer  tubes  as  well  as  cables.  Polyolefins,  frequently  used 
materials  for  jackets  and  buffer  tubes,  have  high  shrinkage 
rates  and  high  coefficients  of  elongation.  Therefore,  fiber 
optic  cables  have  to  be  reinforced  by  anti  buckling  elements. 
This  paper  describes  a  method  to  produce  anti  buckling 
elements  by  co-extrusion  of  thermoplastic  filaments  with 
buffering  and  jacketing  (Melt  Filament  Reinforcement: 
MFR).  A  number  of  material  combinations  were  tested.  An 
excellent  anti  buckling  behavior  was  achieved  with  co¬ 
extruded  filaments  made  of  LCP  (Liquid  Crystal  Polymer), 
closely  packed  in  Polyethylene  based  LSZH  compound. 
MFR  elements  show  no  length  change  even  after  several 
temperature  cycles.  There  is  no  length  limitation  for  those 
online  extruded  reinforcement  filaments  and  they  can  be 
produced  in  any  size  and  any  number,  tailor  made  for  the 
product. 


Keywords 

Reinforcement;  LCP;  Co-extrusion;  Buffertube;  Jacket; 

1.  Introduction 

A  cable  should  be  designed  to  prevent  all  stresses  from  the 
optical  fiber.  Longitudinal  stability  is  one  of  the  most 
prominent  requirements.  Both,  contraction,  e.g.  caused  by 
shrinkage  of  the  materials,  as  well  as  elongation  may  lead  to 
macro  or  micro  bending  of  the  optical  fibers  and  thus  to  an 
increase  of  the  attenuation.  Another  problem  is  pistoning. 
Let's  assume  the  cable  is  fixed  in  a  closure  and/or  the  buffer 
tubes  are  terminated  by  connectors.  When  the  cable  tube 
shrinks  then  the  fibers  or  the  ribbons  move  out  of  the 
shrinking  cable/tube,  and  most  likely  get  bent  which  may 
lead  to  increased  bend  stress  and  in  extreme  cases  to  fiber 
breaks. 

Polyethylene  is  the  mostly  used  material  for  cable  jackets. 

Polypropylene  and  Polyester  are  common  materials  for 
buffer  tubes.  All  semi  crystalline  resins  have  high  shrinkage 
rates,  therefore  the  optical  cables  have  to  be  reinforced  by 
rigid  elements.  GRP  rods  or  steel  wires  are  the  mostly  used 
anti  buckling  elements  for  fiber  optic  cables.  Particularly  in 


small  cables,  and  in  buffer  tubes  it  is  not  easy  to  place  GRP 
rods  or  steel  wires  in  the  optimum  position.  We  developed  a 
technology  to  produce  thermoplastic  reinforcement  filaments 
in  co-extrusion  with  the  buffer  tube  or  the  cable  jacket. 
Extrusion  cross  head  and  tools  were  designed  by  our 
company.  By  combination  of  different  materials  for 
filaments  and  the  matrix,  it  is  possible  to  generate  special 
product  properties.  The  1st  part  of  this  paper  discusses  MFR 
buffer  tubes,  the  2nd  part  shrink  free  cable  jacket  for  ribbon 
cable.  Of  course,  this  technology  may  also  be  used  for 
different  other  products  like  tubes  for  fluids  and  other 
extruded  profiles. 

2.  MFR  Buffer  Tube  Design 

The  following  objectives  should  be  fulfilled  by  the  buffer  tubes: 

•  low  shrinkage 

•  low  temperature  coefficient 

•  high  crush  resistance 

•  good  chemical  resistance 

•  easy  to  manufacture 

•  reasonable  costs 


Photo  1 :  Cross  section  of  an  MFR  Buffer  Tube 
Tube-diameter  (ID/OD)  1,772,5  mm 


MFR  buffer  tubes  were  produced  with  different  materials  and 
in  different  dimensions: 


International  Wire  &  Cable  Symposium 


287 


Proceedings  of  the  49th 


Table  1. Tested  MFR  Buffer  Tubes 


No 

Dimension 

Inner 

diameter 

s  (nominal) 

Outer 

diameter 

Mat 

Matrix 

erial 

Filament 

1 

1.75 

2.50 

PBT 

Typ  i 

PC 

2 

| 

1.75 

2.80 

PBT 

Typ  l 

PC 

3 

1.75 

2.80 

PP 

X301 

PC 

4 

1.45 

2.40 

PBT 

Typ  2 

PC 

5 

1.90 

3.00 

PBT 

Typ  2 

PC 

6 

1.75 

2.80 

PBT 

Typ  i 

LCP 

Vectra 

3.  Results  for  MFR  Buffer  Tubes 

Test  results  are  not  completed  for  all  MFR  tubes 

We  had  to  consider  different  shrinking  effects:  One  is  the 
material  contraction  as  a  result  of  temperature  reduction  in  the 
cooling  trough.The  second  part  is  the  post  shrinkage  due  to 
relaxation  and  post  crystallization  which  depends  not  only  on 
material  characteristics  but  also  on  processing. 

3.1.  Shrinkage  During  Processing 

To  draw  conclusions  from  material  contraction  during  processing,  as 
a  result  of  temperature  reduction  in  the  cooling  trough,  we  measured 
fiber  excess  length  (EFL)  in  the  buffer  tubes,  immediately  after 
buffer  tube  manufacturing.  Although  this  EFL  measurement  provides 
no  absolute  contraction  figures,  it  is  very  helpful  for  comparison. 


Table  2.  Excess  Fiber  Length  “  EFL” 
immediately  after  extrusion 


Tube 

Type 

Material 

Matrix/ 
Filaments 
in  % 

EFL 

in  mm 

homogen 

PP 

100 

0.154 

MFR 

PP/PC 

90/10 

0.036 

homogen 

PBT 

100 

0.111 

MFR 

PBT /PC 

80/20 

0.026 

MFR 

PBT /PC 

95/05 

-  0.002 

3.2  Post  Shrinkage 

Post  shrinkage  was  defined  by  length  change  of  the  buffer  tube, 
stored  without  any  stress  at  room  temperature  (see  Figure  l).Test 
samples  where  taken  as  soon  as  possible  after  manufacturing. 
Measurement  started  5  to  10  minutes  after  extrusion. 


Figure  1 .  Comparison  of  post  shrinkage  with  different 
buffer  tube  materials 


3.3  Shrinkage  by  Aging 

PBT  shrinks  spontaneously  at  temperatures  around  70  °C,  therefore 
aging  test  was  done  at  50  °C  for  30  days. 


Table  3.  Shrinking  by  Aging 

Comparison  between  homogeneous  PBT-  and  MFR 
tubes 


Buffer  tube 

Material 

EFL(mean  value) 
Production  day 

EFL(mean  value) 
30d/50°C 

1  -Layer 
homogeneous 

PBT 

0,111% 

0,213  % 

MFR 

80%/ 20% 

PBT /PC 

0,026  % 

0,046  % 

MFR 

95%/ 5% 

PBT /LCP 

-  0.002% 

-  0.003  % 

3.4  Length  Change  in  Temperature  Cycling 


Figure  2.  Temperature  cycling 

This  test  indicates  the  temperature  coefficient  and  also  the  shrinkage 
of  PBT,  when  the  temperature  comes  to  the  range  of  70°C.  After 
passing  only  one  temperature  cycle  +21  -30  +70  +21  °C 
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the  homogeneous  PBT  tube  was  0.3  %  shorter.  The  MFR  tubes  had 
no  length  change  after  this  test. 

3.5  Discussion 

In  all  shrinkage  tests,  MFR  tubes  behaved  as  good  or  better  than 
homogeneous  tubes.  If  buffer  tubes  were  reinforced  by  with  at  least 
5%  LCP,  there  were  no  shrinkage  in  any  test. 

MFR  reduces  the  shrinkage 

•  during  processing 

•  during  storage  at  room  temperature, 

•  during  aging 

•  and  after  temperature  cycling 
Crush  resistance: 

There  is  no  mentionable  difference  between  MFR  and 
homogeneous  buffer  tube  with  identical  dimensions. 

Chemical  performance: 

More  freedom  in  choosing  buffer  tube  material,  for  the  postulated 
chemical  resistance,  because  the  length  stabilization  is  warranted 
by  the  filaments  of  the  MFR  tubes. 

Manufacturing 

The  extrusion  crosshead  is  more  difficult  than  a  standard  one  layer 
head.  But  the  buffer  tube  production  process  is  in  some  case  more 
stable.  Polycarbonate  filaments,  which  have  a  high  melt  strength, 
stabilizes  the  draw  down  cone. 

Cost  factor 

If  PC  is  used  for  the  filaments  with  a  20%  rate,  there  is  no 
significant  cost  difference  to  homogeneous  PBT  buffer  tubes. 
If  LCP  is  used  for  the  filaments,  with  a  rate  of  5%,  the  material 
cost  for  the  buffer  tube  increases  more  than  50  % 

Because  of  this  cost  increase,  we  did  not  continue  buffer  tube 
reinforcement  trials  with  LCP. 

4.  Design  for  a  Shrink  free  Cable  Jacket 


FRNC  iSGH)  ARAM  D  12 FBER RIBBON  LCP 


Figure  3  cross  section  (  drawing  )  of  a12  fiber  ribbon 
cable  with  LCP  reinforced  LSZH  jacket 

Flame  retardance,  zero  halogen  (LSZH)  and  very  low  shrinkage 
were  the  main  objectives  for  the  cable  jacket. 


A  similar  cable  design  with  a  PVC  jacket  without  any  anti  buckling 
elements  operates  well.  When  we  changed  from  PVC  to  LSZH 
jacket  material,  what  is  usually  requested  in  Europe,  we  got 
problems  with  pistoning.  We  solved  this  problem  by  melt  filament 
reinforcement.  Two  filaments  of  liquid  crystal  polymere  (LCP) 
with  a  total  volume  share  of  6%  (to  94  %  LSZH  material)  are 
enough  to  make  a  LSZH  cable  jacket  practically  shrink  free. 

For  co-extrusion  of  LCP  together  with  LSZH  compound,  we 
selected  material  types  which  are  producible  with  not  to  much 
difference  in  extrusion  temperature. 


Photo  2  Cross  section  of  a  MFR  jacket  with  2  filaments 
in  opposite  position  (  a  ) 


Photo  3  Cross  section  of  a  MFR  jacket  with  2x2 
filaments 

in  opposite  position  (  b  ) 


Photo  4  Cross  section  of  a  MFR  jacket  with  30  filaments 
distributed  along  the  circumference  (  C  ) 


International  Wire  &  Cable  Symposium 


289 


Proceedings  of  the  49th 


Photo  5  Cross  section  of  a  LSZH  jacket  without 
filaments 

(d) 


5.  Results  for  MFR  LSZH  Cable  Jacket 

5.1  Shrinkage  Measurement  in  Temperature  Tube 

Test  according  to:  Internal  test  procedure 

Equipment:  Vertical  temperature  tube; 

Uncertainty  (2s)  2°C  (temperature);  dAL  <  2  mm 

Procedure:  Test  temperature  (time) 

23  °C  (>  6h);  +60C  (24h)  +70°C(24h); 

23  °C  (>12h); 

Active  sample  length  (L)  of  about  5  m 
Requirement:  Length  change  of  the  cable  jacket  due  to 

temp,  change 

Table  4.  Linear  thermal  expansion 


5.2  Elongation  of  the  Cable  due  to  Temperature  Changes 

Test  according  to:  Internal  test  procedure 

Equipment:  Horizontal  temperature  chamber; 

Uncertainty  (2s)  2°C  (temperature); 

Active  sample  length  (L)  between  clamps: 
1,27  ...  1,35  m 

dL  =  6  cm  (due  to  clamps  and  coupling); 
e(T)  =  AL\L; 

Procedure:  Test  temperature  (time) 

a.  23  °C  (6h);  -30C  (lOh);  -40°C  (6h); 

23 °C  (6h);  60°C  (8h);  23°C  (6h);  70°C 
(8h);  23°C(12h); 


0  5  10  15  20  25  30 

Time  (h) 


Figure  3.  Thermal  expansion  at  low  temperature 

5.3  Shrinkage  Measurement  in  Horizontal 
Temperature  T  ube 

Test  according  to:  Internal  test  procedure 

Equipment:  Temperature  horizontal  tube; 

Uncertainty  (2s)  2°C  (temperature);  dAL  <  2  mm 

Procedure:  Test  temperature  (time) 

23  °C  (12h);  -30C  (24h);  23°C  (12h); 
Active  sample  length  (L)  of  about  23m 
Requirement:  Length  change  of  the  cable  jacket  due  to 

temperature  change 


Table  5.  Linear  thermal  expansion  in 
horizontal  tube 


5.4  Force  Strain  at  Different  Temperatures 


Table  6.  Force  at  1  %  strain 


Tempera 

ture 

°C 

LSZH/LCP 

(a) 

N 

LSZH/LCP 

(b) 

N 

LSZH/LCP 

(c) 

N 

LSZH 
without  LCP 
N 

23 

122 

105 

96 

13 

-30 

216 

125 

60 

38 

50 

38 

3 
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160 


Figure  4.  Force  strain  curves  at  23  °C 

300  - — - 


e[%] 


Figure  5.  Force  strain  curves  at  -  30  °C 


Figure  6.  Force  strain  curves  at  60  °C 


Table  7.  Tensile  Strength  and  Tensile  Modulus 
for  Sample  ( b ) 


Tempera¬ 

ture 

°C 

Tensile 

strength 

MPa 

Tensile 

modulus 

MPa 

Elongation  at 
Break 

% 

23 

310 

18.230 

1,7 

-30 

430 

20.000 

2,15 

60 

190 

14.156 

1,3 

5.5  Flame  Retardance 

Cables  with  LCP  MFR  (see  photo  2  )  and  without  LCP  (see  photo  5) 
were  tested  according  to  the  specification  IEC  60332 

The  test  results  of  this  two  cables  where  completely  congruent. 
Both  cables  fulfill  the  requirements  ofthe  specification  IEC  60332. 

6.  Conclusions 

Melt  filament  reinforcement  can  protect  buffer  tubes  and  cable  jackets 
against  shrinkage.  MFR  with  about  5%  of  LCP  makes  a  buffer  tube 
or  a  cable  jacket  shrink  free  over  a  wide  temperature  range.  MFR 
buffer  tubes  with  20  %  PC  filaments  have  also  a  better  longitudinal 
stability  than  not  reinforced  tubes  of  PBT  or  PP.  All  other  properties 
are  similar.  Regarding  longitudinal  stability  LCP  was  the  best  choice 
for  MFR  tubes.  The  high  tensile  strength  and  the  high  tensile 
modulus  of  the  co-extruded  LCP  indicate,  that  the  LCP-filaments 
have  a  very  high  ratio  of  anisotropy.  Because  of  the  high  tensile 
modulus,  LCP  MFR  technology  can  replace  traditional  reinforcement 
elements  like  GRP  rods  for  some  special  applications.  The  MFR 
filaments  can  be  co-extruded  in  any  size,  in  different  shapes  and  in 
unlimited  length.  The  filaments  can  be  put  in  the  optimal  position  of 
an  extrusion  profile. 
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Every  LSZH-jacketed  sample  had  a  cross-sectional  area  of  about  6 
mm2  and  a  LCP  cross-sectional  area  of  about  0,30  to  0,35  mm2 
From  the  strain  curves  we  can  calculate  tensile  strength  and  tensile 
modulus  for  the  LCP  filaments. 

All  LCP  reinforced  samples  show  almost  linear  curves  up  to  break. 
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Abstract 

We  have  successfully  developed  new  optical  fiber  cables  for  feeder 
and  distribution  use  in  access  networks.  These  cables  have  great 
advantages  in  terms  of  cost  and  installation  workability  that  will 
enable  us  to  realize  fiber  to  the  home  (FTTH).  In  this  paper,  we 
describe  the  requirements  for  termination,  feeder  and  distribution 
cables.  We  designed  and  fabricated  the  cables  based  on  these 
requirements  and  confirmed  the  stability  of  their  mechanical  and 
thermal  characteristics  for  practical  use. 

Keywords 

Access  network;  optical  fiber  cable;  feeder  cable;  termination  cable; 
distribution  cable; 

1.  Introduction 

Progress  on  multimedia  technology  has  led  to  the  active 
development  of  many  kinds  of  services  using  the  telecommunication 
network.  It  is  important  for  us  to  realize  high  speed  and  broad-band 
networks  to  provide  such  services  economically.  In  order  to  provide 
these  services  in  a  timely  way,  it  is  important  to  construct  optical 
access  networks,  economically,  immediately  and  efficiently. 
Therefore,  to  make  optical  access  networks  more  economical,  we 
must  reduce  the  cost,  not  only  of  the  cable  itself,  but  also  of 
installation,  maintenance  and  operation.  However,  conventional 
cables  are  too  expensive  for  FTTH  and  several  of  their  features  need 
to  be  redesigned.  To  achieve  this,  we  have  developed  new  cables 
based  on  our  requirements  and  here  we  describe  their  design  and 
performance.  Our  developments  as  regards  feeder  and  distribution 
cable  considered  mainly  of  reducing  their  diameter  and  weight.  For 
the  termination  cable,  we  added  a  new  function  to  the  termination 
end.  We  fabricated  these  cables  and  measured  their  characteristics  to 
confirm  their  performance  levels. 

2.  Access  network  configuration 

Figure  1  shows  the  optical  access  network  configuration.  An  optical 
access  network  consists  of  4  areas;  the  central  office,  feeder  system, 
distribution  system  and  user  system  areas.  The  feeder  system 
extends  from  a  fiber  termination  module  (FTM)  in  central  office  to  a 
distribution  point.  The  termination  cable  is  used  to  terminate  fibers 
at  an  FTM  situated  in  a  central  office  and  the  feeder  cable  is 


Distribution  cable 


Fiqure  1.  Optical  access  network  Configuration 

installed  in  cable  tunnels  and  /or  ducts.  In  the  distribution  system, 
aerial  cable  is  connected  with  feeder  cable  at  a  distribution  point, 
and  led  to  an  access  point  via  telecommunication  poles.  In  this  paper, 
we  describe  an  overall  cost  reduction,  including  reductions  in 
installation  and  operation  costs,  in  feeder  and  distribution  system 
areas. 

3.  Requirement  for  feeder,  termination 
and  aerial  cable 

Some  of  the  main  requirements  for  feeder,  termination  and  aerial 
cable  are  shown  in  Table  1.  The  loss  change  in  cables  must  be  as 
small  as  possible  under  harsh  environmental  and  mechanical 
conditions  including  temperature  change,  and  the  bending  and 
squeezing  of  the  cable.  Moreover,  all  types  of  cable  require  good 
workability  and  high  reliability. 

3.1  Feeder  cable 

400-  and  1000-fiber  cables  are  shown  in  Fig.2  as  the  examples  of 
feeder  cable.  The  cables  consist  of  ten  8-fiber  ribbons  stacked  in  the 
slots  of  a  slotted  rod  covered  with  a  PE  sheath.  With  feeder  cable,  it 
is  important  that  the  cable  diameter  be  reduced  to  allow  ducts  to  be 
used  more  effectively.  In  addition,  a  reduction  in  cable  weight 
would  improve  workability. 
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8  fiber  ribbons 


Table  1 .  Requirements  for  termination,  feeder  and 
distribution  cable 


Item 

Requirement 

Feeder 

Feeder  cable 

Diameter,  weight 

Smaller  and  lighter 

Thermal 

stabilization 

No  loss  increment 

Mechanical 

strength 

No  loss  increment  and  no  damage 

Workability 

Easy  installation  and  handling 

Reliability 

Long  term  stability  of 

transmission  loss 

Cost 

Reduction  in  cable  and 

installation  cost 

Termination  cable 

Diameter 

Possible  to  install  through  ducts 
and  pipes 

Length  of  the  end 

Shorter 

Mechanical 

strength 

No  loss  increment  and  no  damage 

Maximum  allowed 

tension 

1470  N 

Water  blocking 

characteristics 

No  water  penetration  into  the 

termination  end 

Cost 

Reduction  of  cable  and 

installation  cost 

Distribution 

Distribution  cable 

Fiber  ribbon 

Separable  4  fiber  ribbons 

Diameter,  weight 

Smaller  and  lighter 

Thermal 

stabilization 

No  loss  increment  and  no  damage 
(Temperature 

-30  °C  70  °C) 

Mechanical 

strength 

No  loss  increment  and  no  damage 

Workability 

Easy  branching 

Installation  without  machine 

(For  small  count  fiber  cable) 

Reliability 

Long  term  stability  of 

transmission  loss 

Cost 

Reduction  in  cable  and 

installation  cost 

Figure  2.  Optical  fiber  feeder  cable 


Central 


Figure  3.  Installation  of  termination 
optical  fiber  cable 

Therefore,  we  focused  mainly  on  reducing  of  the  cable  weight  and 
diameter  in  order  to  reduce  the  cable  and  installation  costs. 

3.2  Termination  cable 

When  conventional  termination  cable  is  installed,  the  cable  drum  is 
placed  near  an  FTM  in  a  central  office  and  the  cable  is  pulled  from 
the  central  office  to  the  cable  tunnel  and  /or  duct,  because  the 
termination  end  is  not  protected  from  the  various  forces  that  occur 
during  installation.  Therefore,  the  installation  cable  is  about  100m 
shorter  than  it  could  be  because  of  the  restriction  imposed  on  the 
drum  size  as  regards  bringing  it  into  a  central  office  and  the 
construction  cost  increases  due  to  increase  in  the  number  of  fiber 
connection  point.  To  overcome  these  inefficient  installations 
condition,  we  added  a  pulling  function  to  the  termination  end.  This 
function  enables  us  to  install  a  termination  cable  from  a  cable  tunnel 
or  a  man-hole  outside  of  the  central  office  and  connect  it  to  the  FTM 
as  shown  Fig.3.  The  design  problems  that  we  had  to  solve  with  this 
cable  were  the  resistance  for  pulling  force  and  the  size  reduction 
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Table  2.  Diameter  and  weight  of  feeder  cable 


^ . - . 

New 

Conventional 

400- 

fiber 

cable 

Diameter 

19  m 

24  mm 

Weight 

0.27  kg/m 

0.57  kg/m 

1000- 

fiber 

cable 

Diameter 

29  mm 

30  mm 

Weight 

0.61  kg/m 

0.85  kg/m 

needed  to  enable  us  to  apply  the  installation  method  between  a  cable 
tunnel  or  duct,  and  a  central  office. 

3.3  Distribution  cable 

In  a  distribution  system  which  extends  from  a  distribution  point  to 
an  access  point,  it  is  hard  to  share  the  facilities  because  of  its 
widespread  needs.  To  provide  services  flexibly,  we  need  an  aerial 
cable  with  a  structure  that  allows  mid-span  access.  Therefore,  SZ 
slotted  rod  cable  has  been  used  in  distribution  systems  [1].  In 
addition  to  mid-span  access,  SZ  slotted  rod  cable  has  advantages  as 
regards  weight  and  diameter  for  cable  of  more  than  100  fibers.  By 
contract,  we  need  to  improve  the  installation  workability  for  cable 
with  a  small  fiber  count  of  40  fibers  or  less  by  achieving  further  size 
and  weight  reduction.  Moreover,  relatively  low  fiber  count  cables 
are  also  expected  to  be  used  frequently.  Therefore,  we  concentrated 
mainly  on  reducing  the  cable  weight  and  diameter  to  reduce  the 
cable  and  installation  costs. 

4.  Optical  fiber  cable  technologies 

4.1  Feeder  cable 

We  changed  the  cable  design  so  that  we  could  develop  a  structure 
that  satisfied  our  two  main  requirement;  reduction  of  cable  weight 
and  diameter.  To  reduce  the  cable  weight,  we  tried  to  reduce  the 
diameter  of  the  strength  member  by  changing  two  items  in  the  cable 
design.  The  first  involved  redesigning  the  maximum  elongation 
strain  of  the  cable  by  increasing  fiber  proof  level.  The  second 
involved  decreasing  the  maximum  applied  tensile  strain.  We 
investigated  the  cable  installation  method  and  this  revealed  that  the 
maximum  tensile  strength  was  less  than  1960N  for  400-fiber  cable. 
This  enabled  us  to  decrease  the  tensile  strength  to  a  quarter  of  its 
conventional  value  (7840N).  For  1000-fiber  cable  the  strength  was 
reduced  to  almost  a  half.  These  changes  in  cable  design  made  it 
possible  to  reduce  the  diameter  of  the  tensile  strength  member, 
which  directly  contributed  to  a  reduction  in  the  cable  weight. 


Table  3.  Performance  of  feeder  cable 


(400-fiber  cable) 


Item 

Performance 

Attenuation 

Less  than 

Wavelength  :  1550  nm 

0.25  dB/km 

Heat  cycling 

Wavelength  :  1550  nm, 

Temperature  :  -30  °C^70  °C 

Less  than 

0.05  dB/km 

Bending  :  radius  240  mm 

No  loss  increase 

Lateral  pressure  : 

1960N/10  mm 

No  loss  increase 

Squeeze  :  radius  600  mm 

No  loss  increase 

Ribbon  fixing 
portion 


Protective  tube  Bending  radius  :  R 


Feeder  cable 


* 


MT  connector 


Figure  4.  Termination  end  structure 


Table  4.  Performance  of  termination  end 


Item 

Performance 

Outer  diameter 

73  mm 

Length 

2450  mm 

Squeezing 

Less  than  O.OldB/fiber, 

No  damages 

Bending 

Less  than  0.02  dB/fiber, 

No  damages 

Termination  end 

decomposition 

time 

About  20  minutes 

(MT  connector  cover 
removal  time  included) 
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To  reduce  the  cable  diameter,  we  changed  the  structure  of  slotted 
rod  because  some  of  slotted  rod  cable  includes  an  empty  slot. 

Table  2  shows  the  diameter  and  weight  of  our  newly  developed 
cables  compared  with  400-  and  1000-fiber  cables.  Specifically,  we 
reduced  the  weight  of  the  400-fiber  cable,  to  about  a  half  and  its 
diameter  to  about  80%  of  the  conventional  cable,  thus  achieving  our 
goal  of  developing  lighter  and  smaller  cable.  Moreover,  we  from 
confirmed  that  mechanical  performance  and  thermal  stability  were 
sufficient  for  practical  use,  as  shown  in  Table  3. 

This  lightweight  cable  means  we  can  reduce  the  number  of  the 
cable-pulling  machine  used  for  installing  cable  in  ducts,  and 
decrease  the  installation  cost. 


Height 
22  mm 


Conventional 


New 


Weight  :  0.27  kg/m  Weight  :  0.15  kg/m 


4.2  Termination  cable 

We  focused  on  tree  main  items  when  developing  the  termination 
cable.  The  first  involved  designing  a  structure  to  resist  the  maximum 
allowable  pulling  force.  The  second  was  the  diameter  of  the  cable 
passing  through  the  duct.  The  third  was  the  length  of  the  termination 
end.  For  the  first  and  second  items,  we  adopted  a  protective  tube  to 
resist  the  pulling  force,  in  order  to  secure  enough  space  to 
accommodate  many  fiber  ribbons  with  an  MT  connector.  In  terms  of 
the  third  item,  the  fiber  ribbons  were  turned  back  on  themselves  in 
the  protective  tube.  Therefore,  we  had  to  determine  the  allowable 
bending  radius  in  the  protective  tube  to  maintain  long-term  ribbon 
reliability.  Therefore,  we  estimated  the  minimum  allowable  bending 
radius  by  taking  the  fiber  failure  rate  into  account,  and  found  it  to  be 
20  mm. 

The  structure  of  the  termination  end  is  shown  in  Fig.  4.  This  end  is 
composed  of  fiber  ribbons  with  an  MT  connector,  a  ribbon-fixing 
portion  that  prevents  fiber  ribbons  in  the  tube  from  being  pulled  into 
the  cable  during  installation,  a  protective  tube,  and  a  pulling  portion. 
The  termination  end  has  an  outer  diameter  of  less  than  73  mm  to 
allow  it  to  pass  through  the  duct,  and  an  allowable  pulling  tension  of 
1470  N.  The  performance  of  our  prototype  tennination  end  is  shown 
in  Table  4.  From  this  result,  we  can  confirm  that  the  performance  is 
sufficient  for  practical  use. 

4.3  Aerial  cable 

As  mentioned  in  3.3,  we  need  small  lightweight  distribution  cable 
with  good  handling  characteristics.  We,  therefore,  developed  a  new 
cable  without  a  slotted  rod  as  shown  in  Fig.  5.  In  terms  of  reducing 
the  cable  size,  the  diameter  of  the  cable  part  must  be  reduced.  This  is 
because  the  cable  part  occupied  about  60%  of  the  total  cable  height, 
as  shown  in  Fig.  6.  Therefore,  we  use  a  simple  structure  without  a 
slotted  rod. 

By  contract,  as  regard  reducing  the  cable  weight,  we  considered  the 
adoption  of  a  structure  with  no  slotted  rod  and  a  smaller  messenger 
wire.  The  rod  free  structure  enables  us  to  eliminate  the  not 
inconsiderable  weight  of  the  slotted  rod.  Moreover,  in  order  to 
achieve  further  weight  reduction,  we  designed  a  smaller  messenger 
wire,  because  it  accounted  for  about  50%  of  the  total  cable  weight, 


Figure  5.  Distribution  cable  structure 


Height  X 

I  If. 


Messenger  wire 
about  20% 
Neck  part 
about  20% 


Cable  part 
about  60% 


Weight  j  \ 


Messenger 

wire 

about  50% 
Neck  part 
negligible 
Cable  part 
about  50% 


Figure  6.  Size  and  weight  of  40-fiber  cable 


Table  5.  Performance  of  distribution  cable 


Item 

Performance 

Attenuation 

Less  than 

Wavelength  :  1550  nm 

0.25  dB/ km 

Heat  cycling 

Wavelength  :  1550  nm, 

Less  than 

Temperature  : 

0.06  dB  /  km 

-30 °c~70  °c  ' 

Lateral  pressure  : 

No  loss  Increase 

1960N/10  mm 

Bending  :  radius  160  mm 

No  loss  Increase 
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Loss  change  idB/4fiber 


a  :  Cutting  combined  part 
b  :  Extracting  rip  cord  from  sheath 
c  :  Cutting  and  removing  sheath 
d  :  Extracting  fiber  ribbons  out 

Figure  7.  Mid-span  access  loss  characteristics 


as  shown  in  Fig.  6.  In  designing,  we  did  this  by  taking  decrease  of 
wind  pressure  which  is  main  factor  of  the  load  applied  to  the 
messenger  wire  into  account  since  the  smaller  cable  height  leads  to  a 
decrease  in  wind  pressure  [2]. 

If  the  size  and  weight  of  the  cable  are  similar  to  those  of  cluster  type 
drop  cable  [3],  we  can  expect  to  use  the  simple  manual  installation 
method  used  for  cluster  type  drop  cable  and  drawing  cable  for  aerial 
cable,  resulting  in  installation  cost  reduction. 

We  fabricated  the  prototype  cable  based  on  the  above  consideration. 
The  structure  of  our  newly  developed  40-fiber  cable  is  shown  in 
Fig. 5  in  comparison  with  the  conventional  one.  This  new  cable  is 
50%  lighter  and  20%  smaller  than  the  conventional  cable.  The 
mechanical  and  thermal  characteristics  shown  in  Table  5  reveal  its 
good  performance.  The  experimentally  obtained  mid-span  access 
loss  change,  which  is  one  of  the  most  important  test  items,  is  shown 
in  Fig.  7.  From  the  first  process  of  dividing  the  messenger  wire  and 
cable  part  to  the  last  process  of  fiber  ribbon  identification,  the 
maximum  loss  is  0.1  dB/4  fiber,  which  is  small  enough  in  relation  to 
the  allowable  loss  of  1.0  dB  [4].  Moreover,  these  processes  take 
about  7  min  which  is  almost  same  as  for  the  conventional  cable  and 
we  confirmed  good  workability  for  practical  use.  Furthermore,  the 
installation  length  for  the  new  cable  with  our  simple  installation 
method  can  be  extended  to  380  m  which  is  about  85%  longer  than 
for  conventional  cable.  In  distribution  systems  most  cable 
installation  lengths  are  less  than  300  m.  Therefore,  this  cable  can  be 
installed  by  a  simple  installation  method  resulting  in  cost  reduction. 


5.  Conclusions 

To  allow  us  to  construct  optical  access  networks,  economically, 
immediately  and  efficiently  we  studied  the  structures  of  the  feeder, 
termination  and  distribution  cables  that  are  main  components  of 
access  networks.  We  also  examined  their  performance  based  on  our 
requirements  by  taking  workability  into  account.  Our  main  targets 
for  both  feeder  and  distribution  cable  were  to  reduce  cable  weight 
and  size.  We  also  investigated  ways  of  improving  the  structure  of 
the  termination  and  that  enables  the  termination  cable  to  be  pulled 
towards  a  central  office.  As  a  result,  we  successfully  developed  a 
relatively  low  cost  optical  fiber  cable  with  good  performance  for 
practical  use. 
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Abstract 

We  examine  a  premises  network  system  with  single-mode  (SM) 
optical  fiber  cables  that  provides  almost  the  same  workability  as  a 
conventional  metallic  system.  This  paper  describes  the  design  and 
performance  of  low  bending  loss  fiber  cable  and  an  easy  to  handle 
enhanced  MT-RJ  (e-MTRJ)  connector  for  this  premises  network 
system.  The  low  bending  loss  fiber  can  be  stored  in  a  conventional 
electric  flush  type  outlet,  and  the  e-MTRJ  connector  enables  us  to 
realize  metal-like  handling,  high  density  packaging  and  reliable 
joints. 

We  have  confirmed  that  these  techniques  are  highly  effective  for 
constructing  high-speed  and  broadband  premises  optical  network 
systems. 

Keywords 

Cable;  Optical;  Fiber;  Connector;  MT-RJ;  Cabinet;  Premises 

1.  Introduction 

It  is  important  to  develop  optical  fiber  distribution  systems  to 
provide  business  buildings  with  multimedia  services.  These  systems 
must  be  flexible,  efficient  and  economical.  Recently,  single-mode 
(SM)  optical  fiber  cables  have  been  introduced  in  access  networks 
as  the  medium  for  high-speed  and  broadband  services.  By  contrast, 
grated  index  (GI)  optical  fiber  cables,  coaxial  cables  or  metal  cables 
have  been  mainly  used  for  the  systems  in  premises  networks  such  as 
local  area  networks.  However,  if  we  consider  compatibility  with 
main  access  lines  and  potential  demand  for  further  high  speed  and 
broadband  services,  premises  networks  will  require  more  compact 
and  simpler  distribution  cabling,  using  SM  optical  fiber  cables.  We 
proposed  a  SM  optical  fiber  premises  optical  network  system 
designed  to  meet  this  requirement. 


2.  Outline  of  Premises  Optical  Network 
System 

Figure  1  shows  an  image  of  our  premises  optical  network 
distribution  system,  in  which  we  take  fiber  to  the  desktop  (FTTD) 


into  consideration.  The  characteristics  of  this  optical  distribution 
system  are  described  below. 


Optical  distribution  cabinet  Optical  outlet  box 


Fiq.  1  Premises  optical  network  system  using 
SM  optical  fiber 

1)  The  cable  installation  workability  is  improved  by  using  indoor 
cable,  under-carpet  cable  and  termination-cable  with  low 
bending  loss  optical  fiber. 

2)  An  e-MTRJ  connector  is  employed  with  a  termination  cabinet, 
a  patch-panel,  a  distribution  cabinet  and  an  outlet  in  the 
premises  network.  As  the  e-MTRJ  connector  is  provides  the 
same  workability  as  a  metallic  modular  jack  connector,  it  is 
easy  to  connect  and  disconnect  the  plugs,  and  the  e-MTRJ 
connector  enables  us  to  realize  high  density  packaging  and 
reliable  joints. 

3)  It  is  possible  to  reduce  the  size  of  the  cabinet  and  outlet  by 
using  the  low  bending  loss  fiber  cable  and  a  high  density  e- 
MTRJ  connector. 
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3.  Low  Bending  Loss  Fiber 

Today,  metallic  cable,  coaxial  cable,  optical  fiber  (GI  type  or  SM 
type)  cable  and  plastic  fiber  cable  are  used  for  premises  optical 
network  systems  according  to  the  transmission  bandwidth  and  cable 
length.  We  have  studied  SM  optical  fiber  cable.  Since  we  consider  it 
is  important  to  become  compatible  with  main  access  lines  and  meet 
the  potential  demand  for  further  high  speed  and  broadband  services. 
However,  there  is  a  problem  that  must  be  solved  as  regards  their 
workability  when  we  install  them  in  a  premises  optical  network.  SM 
type  optical  fiber  cable  is  more  difficult  to  install  than  metallic  cable 
due  to  its  bending  radius  specification.  So  we  investigated  the 
contours  of  optical  fiber  parameters  exhibiting  low  bending  loss  to 
obtain  almost  the  same  workability  as  that  of  a  conventional  metallic 
system. 

3.1  Fiber  for  Premises  Optical  Network  System 

SM  type  optical  fiber  falls  broadly  into  two  categories;  single-mode 
fiber  (SMF)  and  dispersion  shifted  fiber  (DSF).  SMF  is  used  as  the 
optical  cable  for  access  lines  and  DSF  is  use  for  trunk  lines.  We 
examined  the  bending  loss  of  SMF. 

A  permissible  bending  radius  target  for  low  bending  loss  fiber  is  15 
mm  or  less.  This  is  because  this  value  allows  us  to  store  fiber  in  an 
outlet  box  of  the  same  size  as  a  metal  outlet  box.  And  when  fiber  is 
installed  in  an  outlet  box,  the  permissible  bending  loss  is  0.2  dB/m 
or  less.  We  measured  the  fiber  bending  loss  for  bending  radius  from 
10  to  20  mm.  Figure  2  shows  the  bending  loss  versus  bending  radius. 
In  terms  of  SMF,  the  bending  loss  to  meet  the  value  required  for  the 
fiber  parameters  at  a  bending  radius  of  1 5  mm. 


10  12  14  (15)  16  18  20 


Bending  radius  (mm) 

Fig.  2  Bending  loss  versus  bending  radius  of 
SMF 


If  we  select  the  SMF  parameters,  we  can  use  SMF  with  a  bending 
radius  of  1 5  mm.  Figure  3  shows  a  comparison  of  measured  bending 
losses  and  calculated  values  reported  by  Marcuse.  Based  on  the 
results,  we  calculated  the  relationship  between  fiber  parameters  and 
bending  radius  to  obtain  a  low  bending  loss.  The  contours  of  the 
optical  fiber  parameters  with  calculated  numerical  expressions  of 
bending  loss  are  shown  in  Fig.4.  The  contours  provide  a  more 
severe  specification  than  the  fiber  parameters  currently  in  use,  but  it 
is  possible  to  employ  them  in  a  premises  optical  network  system. 


8  10  12  14  16  18 

Bending  radius  (mm) 

Fiq.  3  Correlation  between  measured  bending 
losses  and  calculated  values 


r  =  1 5  mm 


Fig.  4  Contours  of  optical  fiber  parameters 
exhibiting  a  low  bending  loss  of  0.2  dB/m  at  a 
1.55  p.  m  wavelength 
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4.  Enhanced  MTRJ  Connector 


As  a  connector  for  the  joining  points  in  premises  networks,  we 
designed  and  fabricated  a  modular  jack  type  2-fiber  mini-MT 
connector  (e-MTRJ  connector).  This  connector  provides  us  with 
both  metal-like  handling  and  a  reliable  joint  with  a  locking  key, 
and  offers  twice  the  density  of  the  SC-type  duplex  connector.  We 
confirmed  that  the  optical  characteristics  are  almost  the  same  as 
these  of  the  SC  type  connector.  Figure  5  shows  the  structure  of 
the  e-MTRJ  connector.  The  connector  plug  must  be  assembled  on 
the  customer’s  premises,  but  the  assembly  processes  for 
conventional  connectors  are  too  complicated  because  there  is 
adhesive  to  harden  and  plug  end-faces  to  polish.  It  must  be 
possible  to  assemble  the  connectors  easily  and  quickly  and  so  we 
have  developed  the  field  installable  e-MTRJ  connector. 


Fiber  cord 


Fig.  5  Outline  of  e-MTRJ  connector 


Figure  6  shows  the  structure  of  the  connector  plug,  which 
includes  a  ferrule  component  in  the  housing.  This  component  is 
composed  of  a  MT  ferrule  part  and  a  mechanical  splicing  part. 
The  optical  fibers  are  housed  internally  between  the  connector 
ferrule  end-face  and  the  middle  of  the  mechanical  splicing  part. 
The  ferrule  end-face  is  polished  in  the  factory.  When  the 
connector  is  assembled,  the  fibers  are  inserted  in  the  ferrule 
component  and  joined  with  internal  fibers  housed  in  the 
component  at  the  mechanical  splicing  part.  The  mechanical 
splicing  part  consists  of  a  V-groove  substrate,  coupling  plates,  and 
a  clamp  spring.  When  the  connector  is  assembled,  first  we  form  a 
gap  between  the  substrate  and  the  coupling  plate  by  inserting  a 
wedge  into  slots  formed  in  the  side  of  the  mechanical  splicing  part. 
Next,  we  insert  fibers  into  the  mechanical  splicing  part.  We  then 
remove  the  wedge  after  confirming  that  the  fiber  end-faces  are 
touching  the  internal  fibers.  Moreover,  the  fiber  connection  region 
of  the  mechanical  splice  has  index  matching  material  to  reduce  the 
Fresnel  reflection.  This  process  eliminates  the  need  for  heating  the 
adhesive  and  polishing  the  ferrule  end-face.  The  plug  assembly 
time  is  about  5  minutes. 


Fiq.  6  Structure  of  mechanical  splice  type 
e-MTRJ  connector 

We  measured  the  insertion  loss  of  the  connector  at  a  wavelength 
of  1.3  pm  using  an  LED.  The  average  insertion  loss  was  0.20  dB 
with  a  maximum  value  of  0.37  dB.  The  field  installable  e-MTRJ  is 
compatible  with  the  conventional  MT-RJ  connector  and  can  be 
assembled  very  easily  and  quickly  on  the  customer’s  premises. 


5.  Cabinet  and  Outlet 

It  is  difficult  to  reduce  the  size  of  the  cabinet  and  outlet  in  a 
premises  optical  network  because  of  the  cable  bending  radius  and 
the  optical  connector  size.  A  conventional  optical  outlet,  for 
example,  is  large  (120  mm(w)  *115  mm(h)),  as  shown  in  Fig.7. 


Fig.  7  External  appearance  of 
conventional  optical  outlet  box 
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We  made  a  small  experimental  cabinet  and  outlet  using  both  low 
bending  loss  fiber  (r=15  mm)  and  a  high  density  e-MTRJ 
connector  thus  confirming  that  we  can  reduce  their  sizes.  We 
made  both  flush  and  protruding  type  outlets,  as  shown  in  Fig.  8. 
The  flush  type  outlet  is  the  same  size  as  a  metal  outlet  box  (54 
inm(w)  •109mm(h)). 


(b)Protruding  type 


Fig.  8  Appearance  of  experimental  optical 
outlets 


We  also  stored  low  bending  loss  fiber  in  a  fabricated  outlet  box 
and  measured  the  bending  losses.  As  a  result,  the  losses  satisfied  a 
target  value  of  <0.2dB/m,  as  shown  in  Fig. 9. 
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Fiq.  9  Bending  loss  of  fibers  stored  in 
fabricated  flush  type  outlet  box 


5.  Conclusions 

We  have  developed  low  bending  loss  fiber  cable  and  an  easy  to 
handle  enhanced  MTRJ  connector  which  are  basic  components 
for  realizing  premises  optical  distribution  systems  with  metal-like 
handling.  Moreover,  we  were  able  to  reduce  the  size  of  the  cabinet 
and  outlet  by  using  these  basic  components.  We  expect  these 
developments  contribute  to  the  expansion  of  optical  fiber  use  in 
premises  and  users’  networks. 
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Abstract 

Nippon  Telegraph  and  Telephone  Corporation  (NTT)  has  been 
constructing  optical  cable  networks  for  various  multimedia 
services.  Maintenance  of  these  networks  is  obviously  important  as 
service  increases.  We  describe  a  way  of  recovering  optical  cable 
networks  after  a  disaster  like  the  Great  Hanshin  Earthquake  that 
occurred  in  Kobe  in  1995. 

This  paper  details  the  features  of  a  mini-test  equipment  module 
(mini-TEM),  a  portable  remote  fiber  testing  system  (RFTS) 
designed  to  make  testing  of  optical  cable  networks  more  efficient.  It 
describes  the  functions  of  a  new  flexible  detection  system,  its 
configuration,  work  flow,  and  general  purpose  functions.  This 
system  will  be  introduced  in  all  service  areas  of  NTT. 

Keywords 

RFTS;  Disaster;  Damaged  optical  cable  networks;  Macro 
detection;  Micro  detection 

1.  Introduction 

Up  to  now,  a  variety  of  outside  facilities  such  as  manholes  and 
telegraph  poles  that  can  withstand  disasters  have  been  developed 
and  introduced.  When  the  Great  Hanshin  Earthquake  (Fig.  1) 
occurred,  however,  we  were  not  immediately  able  to  assess  how 
much  damage  had  been  caused  to  cable  networks.  We  were  also 
not  able  to  see  how  many  lines  were  interrupted  in  each  area.  Thus 
cable  networks  could  not  immediately  be  recovered,  and  this  of 
course  caused  problems  for  the  customers.  Therefore  |  the 
Maintenance  and  Service  Operation  Department  at  NTT  set  a 
number  of  objectives  for  itself.  It  was  decided  that  damaged  areas 
needed  to  be  located  within  half  a  day,  and  that  damaged  fibers 
and  their  locations  needed  to  be  identified  within  four  days  of  a 
disaster.  This  information  is  needed  to  quickly  recover  damaged 
cable  networks. 

A  flexible  detection  system  for  damaged  metallic  cable  networks 
was  quickly  developed  and  introduced  smoothly.  This  system  was 
made  up  of  existing  testing  equipment,  which  had  already  been 
introduced  at  all  remote  offices.  However,  as  the  existing  RFTS, 
an  automatic  optical  fiber  operation  system  (AURORA)  [1],  did 
not  have  the  scalability  or  portability  needed  when  optical  cable 
networks  were  suddenly  damaged.  Therefore,  we  decided  to 
develop  a  compact  and  portable  RFTS  mini-TEM  [2] [3]  that  can 
test  damaged  networks  in  detail. 


Fig.  1  Disastrous  scene  of  the  Great  Hanshin 
Earthquake 

2.  Development  of  The  mini-TEM 

2.1.  Configuration  of  The  mini-TEM 

The  mini-TEM  consists  of  control  and  measurement  equipment 
and  a  portable  optical-fiber  selector  (Fig.  2).  All  this  equipment  is 
compact  and  light  enough  to  carry  around  as  needed. 


Fig.  2  Configuration  of  the  mini-TEM 
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2.2.  Functions  of  The  mini-TEM 


The  mini-TEM  has  3  main  functions.  There  is  a  3-wavelength 
(1.31,  1.55,  and  1.65  pm)  optical  time  domain  reflectometer 
(OTDR)  function,  a  remote  control  function,  and  a  data 
management  function. 

Up  to  now,  a  portable  testing  tool  with  3 -wavelength  OTDR 
function  has  not  been  available.  Therefore,  we  developed  the  mini- 
TEM  with  3-wavelength  OTDR  for  portable  use.  Moreover,  the  3- 
wavelength  optical  fiber  identifier  (ID  tester)  function  is  provided 
in  it.  Thus,  portable  3-wavelength  OTDR  testing,  loss  testing,  and 
fiber  identification  testing  become  possible. 

The  remote  control  function  makes  remote  testing  easier  for  an 
operator.  Once  the  mini-TEM  is  set  up  in  the  office,  fibers  can  be 
tested  from  the  remote  work  site,  such  as  in  manholes  or  on 
telegraph  poles,  with  a  cellular  phone  and  a  handheld  PC. 

Using  the  data  management  function,  an  operator  can  create 
reports  on  testing  and  manage  data  at  the  office.  The  current 
manual  operation  means  that  it  takes  a  lot  of  time  to  create  reports 
by  manual  pasting,  and  it  is  difficult  to  manage  data  because  some 
data  is  not  systematically  managed. 

These  functions  make  the  mini-TEM  very  useful  for  various 
optical  fiber  testings.  Since  March  1999,  about  80  mini-TEMs 
have  been  put  into  use  in  Japan. 

2.3.  Features  of  The  mini-TEM 

2.3.1.  Flexible  Set  Up  in  Fiber  Termination  Module  (FTM). 

The  mini-TEM  can  be  set  up  in  almost  all  kinds  of  FTMs  (Fig.  3). 
Appropriate  attachment  devices  are  designed  to  fit  the  mini-TEM 
in  all  kinds  of  FTMs.  Moreover,  a  mechanical  transferal  (MT) 
panel  can  be  separated  from  the  optical  fiber  selector  body  and  set 
up  in  the  FTM  flexibly.  A  flexible  tube  that  accommodates  optical 
fiber  ribbons  connects  the  MT  panel  to  the  optical  fiber  selector 
body  (Fig.  2). 


Fig.  3  Example  of  setting  up  the  mini-TEM 
in  an  FTM 


2.3.2.  Easy  MT  Connecting  Function.  The  mini-TEM  is 
connected  to  the  optical  fiber  cables  and  optical  couplers.  Using  a 
connecting  tool,  the  8-  or  a  4-MT  connector  of  an  optical  fiber 
cable  and  an  optical  coupler  are  easily  connected  to  the  MT 
connector  housing  of  the  MT  panel  (Fig.  4)  [4].  The  MT  connector 
housing  contains  an  8-MT  connector,  two  guide-pins,  and  a 
connecting  hook.  This  new  connection  significantly  shortens  the 
connection  time  compared  with  the  conventional  manual 
connection  using  only  the  guide-pins  and  the  clamp  spring. 


Fig.  4  Simple  connection  of  MT  connector 
to  the  MT  connector  housing 
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2.3.3.  Special  Testing  Control  Application  of  The  mini- 
TEM.  The  mini-TEM  reduces  the  time  taken  for  the  following 
operations:  connecting  optical  fibers,  testing,  analyzing, 
diagnosing  defects,  and  creating  reports.  These  operations  without 
AURORA  have  until  now  been  executed  manually  at  remote 
offices.  A  special  testing  control  application  that  can  test  with  a 
semi-automated  work  flow  was  developed.  This  application  makes 
it  possible  to  test  2,000  optical  fibers  continuously.  The  application 
software  runs  on  the  Windows  95/98  operating  systems.  Therefore, 
this  application  is  very  easy  to  handle.  It  is  easy  to  install  and 
some  result  data  can  be  used  with  applications  such  as  Microsoft 
Excel.  In  addition,  using  an  interface  converter  and  dynamic  link 
library  (DLL)  software,  the  mini-TEM  can  control  the  optical  fiber 
selector  of  the  AURORA.  In  this  way,  the  mini-TEM  can  test 
many  fibers  using  with  AURORA  in  a  short  time. 
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3.  Flexible  Detection  System  For 
Damaged  Optical  Cable  Networks 

3.1.  Functions  of  The  New  Flexible  Detection 
System 

This  system  has  two  functions  for  detecting  damage  and  making  a 
recovery  plan  for  optical  cable  networks.  These  are  the  macro  and 
micro  detection  functions. 

3.1.1.  Macro  Detection.  The  macro  detection  locates  affected 
areas  within  half  a  day  of  the  disaster  occurring  by  testing  the 
main  fibers  deployed  in  identified  optical  cable  network  areas.  The 
macro  detection  is  used  for  planning  the  efficient  micro  detection. 

3.1.2.  Micro  Detection.  The  micro  detection  identifies 
damaged  fibers  and  their  locations  within  four  days  by  testing  all 
the  fibers  deployed  in  that  area.  The  micro  detection  is  used  in 
advance  for  making  an  effective  recovery  plan.  Both  the  macro 
and  micro  detections  are  very  important  to  make  an  efficient 
recovery  plan. 

3.2.  System  Configuration 

This  system  is  composed  of  the  mini-TEM  and  a  management 
support  system  for  access  task  reengineering  innovation  objects 
(MARIOS)  (Fig.  5)  [5]  [6].  MARIOS,  which  is  a  planning  system 
[7]  in  the  access  network  domain,  has  a  lot  of  facilities  data,  such 
as  the  number  of  optical  fibers,  optical  cables,  telegraph  poles,  and 
manholes.  It  provides  an  enhanced  end-user  computing 
environment  based  on  object-oriented  programming  technologies. 


Fig.  5  System  configuration 

3.3.  Features  of  The  New  System 

The  disaster  recovery  work  needs  a  lot  of  operators  nationwide, 
and  naturally  different  from  ordinary  operations.  We  have 
therefore  developed  a  new  mini-TEM  application  that  optimizes 
the  work  flow  in  the  testing  operations,  and  two  applications 
operated  by  MARIOS  that  can  make  facilities  data  for  testing 
optical  cables  using  the  mini-TEM  and  display  detailed  results  of 
testing  clearly  on  screen. 

3.3.1.  The  New  mini-TEM  Application.  The  new  mini-TEM 
application  optimizes  the  work  flow  in  the  testing  operations.  In 
addition,  it  automates  the  conventional  manual  tasks,  such  as 
setting  facilities  data,  setting  OTDR  parameters,  and  analyzing  and 
diagnosing  defects.  Using  the  facilities  data  entry  function,  an 
operator  can  enter  the  latest  facilities  data  easily,  because  the 
facilities  data  outputted  from  MARIOS  is  always  the  latest  and  it 
is  imported  to  the  mini-TEM  by  floppy  disk.  Moreover,  using  the 
automated  testing  function,  the  testing  time  is  considerably 
reduced  compared  to  that  of  the  conventional  application.  The  new 
application  makes  testing  optical  fibers  very  easy  work  for  all 
operators. 

3.3.2.  Display  of  MARIOS.  With  result  data,  MARIOS  can 
display  the  color-coded  damaged  areas  and  their  area  number  at 
the  macro  detection  (Fig.  6),  the  locations  of  damaged  fibers  found 
along  the  cable  routes  (Fig.  7),  and  the  damaged  areas  gradated  by 
amount  of  damage  in  order  to  show  how  badly  the  areas  are 
damaged  at  the  micro  detection  (Fig.  8). 
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3.4.  Work  Flow  of  Operation 

If  a  disaster  occurs,  an  operator  goes  to  the  remote  office  from  the 
central  office  with  a  mini-TEM  and  the  facilities  data  outputted  from 
MARIOS  as  soon  as  possible.  Then,  the  mini-TEM  is  set  up  in  the 
FTM  and  the  testing  of  fibers  for  macro  detection  is  started.  After 
testing  the  fibers,  the  operator  goes  back  to  the  central  office  with 
the  result  data  and  puts  it  into  MARIOS  to  locate  the  affected  areas. 
Using  the  results  of  the  macro  detection,  the  plan  for  micro  detection 
is  then  made  to  decide  which  area  is  to  be  tested  first.  Next,  the  same 
work  for  micro  detection  is  carried  out.  Then,  the  recovery  plan  is 
scheduled  using  the  results  of  the  micro  detection.  Finally,  the 
priority  for  restoring  the  damaged  areas  and  how  workers  are  to  be 
dispatched  are  decided. 


Fig.  6  Display  of  MARIOS  (macro  detection) 


Fig.  7  Display  of  MARIOS 
(micro  detection:  damaged  fibers  locations) 


Fig.  8  Display  of  MARIOS 
(micro  detection:  damaged  areas) 


3.5.  Effect  of  System  Introduction 

Table  1  compares  the  operation  time  in  the  case  of  manual 
operation,  the  mini-TEM  using  an  existing  application,  and  the 
new  system.  Each  operation  time  is  normalized  as  100  by  the 
manual  operation  time. 


Using  only  the  mini-TEM,  the  setting  time  is  reduced  by  90% 
compared  with  the  manual  operation,  thanks  to  the  easy  MT 
connection.  The  testing  time  is  reduced  by  40%  thanks  to  semi- 
automated  work  flow  of  the  existing  mini-TEM  application. 
However,  this  is  a  manual  detection  method,  so  it  is  not  effective 
at  reducing  detection  time. 


Using  this  system,  the  setting  time  is  reduced  from  90%  to  95% 
thanks  to  the  facilities  data  entry  function.  The  testing  time  is 
reduced  from  40%  to  75%  thanks  to  the  automated  testing  function 
of  the  new  mini-TEM  application.  Moreover,  the  detection  time  is 
reduced  from  20%  to  90%  thanks  to  the  MARIOS.  This  system 
reduces  by  80%  the  total  time  compared  with  the  manual  operation. 
Thus,  we  can  do  the  micro  detection  and  the  macro  detection 
immediately. 


Table  1.  Effect  of  the  new  flexible  detection  system. 


Setting 

(*1) 

Testing 

Detection 

Total 

Manual 

operation 

100(*2) 

100(*2) 

100(*2) 

100(*2) 

Only  the 

mini-TEM 

10 

60 

80 

60 

The  new 
system 

5 

25 

10 

20 

(*1)  Includes  cable  connecting  time. 

(*2)  Each  operation  time  is  normalized  as  100  by 


the  manual  operation  time. 
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3.6.  General  Purpose  Use  of  The  New  System 

The  occurrence  of  disasters  cannot  be  predicted.  Therefore,  this 
system  has  some  functions  for  general  purpose  use.  It  has  an 
outside  facilities  data  entry  function,  an  automated  testing  function, 
and  a  data  management  function.  These  functions  are  applied  for 
the  regular  monitoring  of  optical  cable  networks  at  night  and 
maintenance  without  intensive  work  during  busy  times.  They  are 
also  used  in  a  large  scale  of  optical  cable  network  construction. 

3.6.1.  The  Facilities  Data  Input  Function.  The  facilities 
data  outputted  by  MARIOS  is  formatted  in  comma  separated  value 
format  (CSV).  Therefore,  it  can  be  edited  using  Microsoft  Excel, 
for  example.  Facilities  data  is  imputed  to  the  mini-TEM  by  floppy 
disk  without  on-line  data  transmission,  because  in  a  great  disaster, 
telecommunication  lines  may  not  be  available. 

3.6.2.  The  Automated  Testing  Function.  Setting  the 
OTDR  parameter  is  difficult  for  an  inexperienced  worker.  Testing 
with  manual  setting  of  the  OTDR  parameter  might  be  not  possible 
to  test  well.  Therefore,  a  worker  may  change  parameters  and  test 
again  many  times.  The  best  testing  can  be  done  anytime  by  the 
automated  testing  function. 

3.6.3.  The  Data  Management  Function.  As  already 
described,  using  this  function,  some  result  data  can  be  used  with 
applications  on  the  market  such  as  Microsoft  Excel.  Moreover,  the 
result  data  can  be  easily  referred  by  a  variety  of  key  words  such  as 
the  office  name  where  the  test  was  executed,  the  testing  date,  and 
the  facilities  name. 

4.  Conclusions 

The  new  flexible  detection  system  has  a  portable  and  compact 
fiber  testing  module  (the  mini-TEM)  with  data  management  and 
display  functions  using  MARIOS.  The  visual  display  of  the  test 
results  is  very  useful  for  making  disaster  recovery  plans  for  optical 
cable  networks  that  are  used  as  lifelines.  This  system  reduces  by 
80%  the  total  operation  time  compared  with  that  in  manual 
operation.  Moreover,  this  system  can  be  used  not  only  in  disasters 
but  also  in  ordinary  maintenance  operations  by  general  purpose 
functions. 
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Abstract 

The  rapidly  growing,  highly  competitive  telecommunications 
market  has  pushed  fiber  optic  cable  manufacturers  to  develop 
the  highest  performing,  yet  most  cost  effective  cable  designs. 
Toward  that  goal,  industry  standards  groups  have  been  re¬ 
evaluating  existing  cable  performance  standards  to  ensure  that 
there  are  no  ill-defined  standards  that  would  inhibit  the 
acceptance  of  the  most  user-friendly  and  robust  products.  As  a 
consequence,  standards  are  being  revised  to  provide 
requirements  more  narrowly  tailored  to  each  cable  application. 
In  the  case  of  impact  resistance,  specifying  requirements  based 
on  cable  applications  —  Premises  versus  Outside  Plant  --  has 
been  proposed.  But,  this  approach  has  uncovered  the  potential 
vulnerability  of  the  new  multi-environment  cables 
(Outdoor/Indoor  and  Indoor/Outdoor  cables)  to  impact. 
Operating  in  both  Outside  Plant  and  Premises  environments, 
multi -environment  cables  ideally  should  meet  all  the  typical 
requirements  of  both  environments.  However,  the  limited  scope 
of  available  materials  and  acceptable  costs  forces  a  compromise 
-  a  compromise  that  can  sacrifice  impact  resistance.  This  paper 
discusses  the  implications  of  the  current  standard  and  its 
proposed  revision  for  the  specification  of  all  cable  types,  but 
particularly  for  those  designed  for  multiple  environments. 

Keywords 

Fiber  optic  cable;  impact  resistance;  standards;  multi-environment 
applications;  Indoor/Outdoor;  Outdoor/Indoor. 

1.  Introduction 

The  rapidly  growing,  highly  competitive  telecommunications 
market  has  pushed  fiber  optic  cable  manufacturers  to  develop 
the  highest  performing,  yet  most  cost  effective  cable  designs.  A 
truly  cost  effective  cable  design  is  one  that  is  light  and  compact, 
while  still  able  to  survive  the  rigors  of  installation  and  service 
life  —  nothing  more,  but  nothing  less.  Toward  that  goal,  industry 
standards  groups  have  been  re-evaluating  existing  cable 
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performance  standards  to  ensure  that  there  are  no  ill-defined 
standards  that  would  inhibit  the  acceptance  of  the  most  user- 
friendly  and  robust  products.  As  a  result,  standards  are  being 
revised  to  provide  requirements  more  specifically  tailored  to 
each  cable  application.  For  impact  resistance,  a  standard 
product  performance  attribute,  significant  changes  have  been 
proposed.  Separate  requirements  for  military,  Outside  Plant, 
Riser,  Plenum  and  Interconnect  cables  —  in  both  energy  levels 
and  numbers  of  cycles  —  are  being  considered.  These  changes 
represent  a  positive  step  forward  for  design  efficiency,  but  may 
have  key  implications  for  cables  which  operate  in  more  than  one 
of  these  application  environments,  specifically  the  new 
Outdoor/Indoor  and  Indoor/Outdoor  cables.  This  paper 
examines  the  evolution  and  function  of  the  impact  standard  in 
specifying  quality  cable  designs. 

To  begin,  the  following  section  presents  the  recent  evolution  of 
impact  standards  for  fiber  optic  cables,  and  Section  3  follows 
with  a  discussion  of  the  potential  consequence  of  specifying 
impact  resistance  based  only  on  the  predominant,  existing 
standard  -  including  its  proposed  revisions.  Section  4  describes 
a  selection  of  cables  types  that  are  currently  produced  for  multi¬ 
environment  applications,  and  Section  5  outlines  the  test 
scenarios  used  to  evaluate  the  impact  resistance  of  these  types  of 
cables.  Sections  6  and  7  present  and  discuss  the  results  of 
impact  tests  on  these  cables,  respectively.  Section  8  summarizes 
the  work  to  date  and  makes  recommendations  for  future 
experimental  work  and  standards  development. 

2.  Background 

2.1  Evolution  of  Impact  Standards  for  Fiber  Optic 
Cables 

Impact  Resistance  has  been  a  standard  performance  attribute  for 
telecommunications  cables  for  many  years.  Under  current 
standards  for  optical  fiber  cables,  acceptable  impact 
performance  includes  resistance  to  physical  damage  both  to  the 
sheath  (cracking  or  splitting)  and  to  the  optical  fibers  (breaking), 


International  Wire  &  Cable  Symposium 


309 


Proceedings  of  the  49th 


or  permanent  sheath  deformation  resulting  in  unacceptable  fiber 
attenuation  increases.  The  impact  test,  TIA/EIA-455-25B, 
FOTP-25,  currently  a  U.S.  National  Standard,  is  becoming  the 
predominant  international  Standard  for  specifying  test 
procedures  and  recommending  performance  levels  for  impact 
performance.  ICEA's  Standards  640  and  596  and  Telcordia's 
GR-20  and  GR-409  all  reference  this  Standard  in  their 
requirements  for  Fiber  Optic  Outside  Plant  and  Premises  cables, 
respectively.  In  this  test,  a  cable  is  subjected  to  a  repeated 
impact  load,  simulated  by  a  mass  dropping  from  a  fixed  height 
of  150  mm.  The  current  standard  for  non-military  cables 
requires  25  impacts  on  the  cable.  The  requirement  for  military 
cables  is  50  impacts.  The  mass  used,  unless  otherwise  specified, 
is  dependent  of  the  cable's  diameter. 

All  of  the  requirements  outlined  in  FOTP-25  were  originally 
based  on  those  used  in  military  standards.  Meeting  military- 
level  requirements  meant  that  a  cable  could  survive  very  brutal 
installation  and  lifecycle  environments.  With  the  advent  of  fiber 
optics,  ensuring  that  the  fragile,  brittle  fibers  could  survive  a 
severe  environment  was  a  concern,  especially  for  Outside  Plant 
cables,  so  the  Military  model  was  adopted.  However,  over  the 
last  decade,  the  market  has  pushed  fiber  optic  cable 
manufacturers  to  develop  even  more  cost  effective  cable 
designs.  A  truly  cost  effective  cable  design  is  able  to  survive  the 
standard  rigors  of  commercial  installation  and  service  life  but  is 
as  light  and  compact  as  possible.  Cables  that  are  "over- 
designed"  to  meet  unrealistic  standards  can  be  expected  to  be 
bigger,  heavier,  stiffer  and  more  costly  —  characteristics  that  are 
disadvantageous  to  customers  and  manufacturers.  To  allow 
designs  to  be  optimized,  designers  have  re-evaluated  the 
performance  requirements  that  define  the  types  of  designs  that 
will  be  acceptable  to  non-military  customers.  The  goal  of  these 
revisions,  obviously,  has  been  to  make  the  standards  more 
reflective  of  only  the  true  performance  level  that  a  cable  must 
have  to  survive  in  the  field,  nothing  less,  but  nothing  more. 

One  way  to  eliminate  unrealistic  or  unnecessary  cable 
requirements  is  to  create  less  general  specifications.  For  cables, 
this  can  be  done  with  performance  specifications  that  are  unique 
to  an  application  environment.  The  original  FOTP-25  was 
modified  previously  in  this  manner  (1996)  to  provide  the 
separate,  less  stringent  performance  requirements  for  all  non¬ 
military  cables.  As  mentioned,  the  recent  market  push  to 
develop  even  more  installation-friendly,  cost-effective  cables 
has  once  again  led  to  a  debate  on  what  impact  requirements 
approximate  the  actual  cable  environment.  The  proposed 
revisions  to  FOTP-25  to  make  its  requirements  more  accurate 
for  cables  used  for  different  applications.  The  latest  changes 
would  further  reduce  the  requirements  for  many  of  the  non¬ 
military  OSP  and  Premises  cables.  The  details  of  those 
proposed  revisions  are  discussed  in  the  next  section. 


2.2  Latest  Revisions  to  Impact  Standard  FOTP-25 

The  two  major  proposed  changes  to  the  FOTP-25  standard  are 
both  aimed  at  making  the  test  more  accurate  in  screening  cables 
for  adequate,  mainstream  impact  performance. 

First,  the  number  of  impacts  imparted  during  the  test  is  to  be 
reduced  to  two  from  twenty- five.  This  change  is  seen  as  a  move 
toward  realism,  as  a  field  scenario  involving  the  repeated 
hammering  of  the  cable  is  very  unlikely,  while  one  or  two 
impacts  from  dropped  tools  or  falling  rocks  (in  backfill  for 
buried  OSP  cables)  are  normal  occurrences.  At  the  same  time, 
these  two  impacts  are  to  be  applied  at  three  different  sites  along 
the  cable.  Second,  five  categories  of  non-military  cable 
applications  are  proposed  for  determining  the  energy  level  to  be 
used  in  the  test.  These  categories  are  a  switch  from  the 
approach  used  currently  (and  still  to  be  used  for  military  cables), 
which  identifies  the  impact  level  for  the  test  based  on  the  cable's 
diameter  (see  Table  1)  [1].  There  are  currently  nine  diameter 
ranges,  while  the  new  proposal  includes  the  following  five 
application  categories:  Outside  Plant  (OSP),  Riser,  Plenum, 
Drop  Cable  and  Interconnect  [2].  These  new  categories  allow 
designers  to  better  optimize  cables  for  each  type  of  application, 
the  assumption  being  that  cables  in  each  application  area  are 
expected  to  encounter  successively  lower  levels  of  impact  (See 
Table  2).  Figure  1  shows  a  schematic  comparison  of  the  current 
requirements  for  impact  resistance  for  optical  cables,  depending 
on  application  (military  and  non-military,  shown  with  solid-line 
ovals),  and  the  newly  proposed  values  for  Outside  Plant  and  the 
Premises  applications  (shown  with  dashed-line  ovals).  One 
additional  energy  level  is  also  included  (filled  oval).  This  single 
value,  9.8  N-m,  has  been  a  common  performance  measure  for 
OSP  cables  specified  by  international  customers.1 

In  general,  the  change  to  specifying  impact  energy  based  on 
application  rather  than  cable  diameter  has  reduced  the  maximum 
impact  that  a  cable  must  survive  in  testing.  Table  2  summarizes 
the  new  proposed  values  for  non-military  cables.  In  the  United 
States,  Telcordia  specification  GR-409  (for  Premises  cables)  had 
already  prescribed  the  lower  values  for  Plenum  and  Interconnect 
cables  (see  Table  3),  but  the  new  value  for  Riser  cables 
represents  a  50%  reduction  in  impact  energy  (down  to  2.94  from 
5.88  N-m)  [3].  For  OSP  cables,  the  current  median  energy  level, 
4.41  N-m,  is  proposed  as  the  new  maximum  value  (current 
maximum  is  7.35  N-m).  The  current  revisions  of  the  ICEA 
Standards  follow  the  lead  of  the  FOTP  revision. 

Unfortunately,  these  new  values  in  the  revisions  are  not  based 
on  any  scientific  analysis,  but  on  anecdotal  information  on  the 
kinds  of  the  impacts  that  do  and  do  not  occur  in  the  field,  and  on 
capability  testing  of  existing  cables.  If  cable  designs  are 


Impact  values  have  traditionally  not  been  specified  in  international 
standards.  However,  several  parts  of  IEC  60794,  Optical  Fibre  Cables , 
currently  under  active  ballot  propose  methodology  and  impact  energy 
values  similar  to  those  proposed  for  FOTP-25. 


International  Wire  &  Cable  Symposium 


310 


Proceedings  of  the  49th 


modified  based  on  these  lesser  requirements,  the  appropriateness 
of  the  reduced  energy  levels  can  only  be  validated  by  successful 
time  in  the  field.  This  lack  of  scientific  soundness  has  been 
adequate  in  the  past  --  impact  failures  appear  to  few  and  far 


between  —  and  may  continue  to  be  so  for  some  cable 
applications.  However,  the  next  section  discusses  the  cases  in 
which  the  current  and  proposed  standards  may  be  inadequate. 


/^oJo-5.50kg^\  _ 

t  3.00  kg 


FOTP-25  energy  level  for 
military  cables, 

2.5  mm<  Diam.  <  25.4  mm: 
Energy  =  0.74  to  19.86  Nun 
(dependent  on  Diam.) 


150  mm 


FOTP-25  energy  level  for 
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N-m 


Proposed  new 
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N-m 


2.00  kg  )  (  o.50kg' 
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|  N-m 
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y 
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energy  level  for 
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Drop  cable: 
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Proposed  new 
energy  level  for 
Interconnect 
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Energy  =  0.74 
N-m 


Common  energy  level 
used  internationally  for 
OSP  cables: 

Energy  =  9.8  N-m 
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Figure  1.  Impact  Resistance  Requirements  -  The  impact  that  a  cable  must  survive  is  generated  by  a 
weight  falling  from  a  given  height.  In  this  approach,  the  impact  energy  is  approximated  as  the  potential 
energy  of  the  suspended  mass.  The  potential  energy  converts  to  kinetic  energy  as  the  weight  falls,  and 
the  assumption  is  that  the  cable  absorbs  all  of  this  kinetic  energy  in  resisting  the  impact.  Therefore,  the 
energy  of  impact  is  equivalent  to  the  potential  energy  of  the  suspended  mass  (potential  energy  =  height  * 
weight  ®  impact  energy,  e.g.,  impact  energy  =  0.150  m  *  13.50  kg  *  9.8  mis2  =  19.86  N»m).  Note:  The 
common  international  impact  level  is  usually  generated  using  a  1  kg  mass  dropped  from  a  height  of  1 
meter,  but  the  height  of  150  mm  is  used  here  to  simplify  comparisons  to  tests  specified  by  FOTP-25. 


Table  1  -  Drop  hammer  mass/test  impact  energy  in  current  impact  standard,  FOTP-25  [1] 


Cable  Diameter 

mm  (inches) 

Hammer  Mass 

kg  Ob) 

N*m 

Impact  Energy 

(lb*ft) 

0  <  D  <  3.8 

(0  <  D  <  0.10) 

0.5 

(1.10) 

0.74 

(0.55) 

3.8  <  D  <  5.3 

(0.10  <D  <0.25) 

1.00 

(2.20) 

1.47 

(1.08) 

5.3  <D  <7.5 

(0.25  <  D  <  0.50) 

1.50 

(3.31) 

2.21 

(1.63) 

7.5  <D<  13.0 

(0.50  <  D  <  0.55) 

2.00 

(4.41) 

2.94 

(2.17) 

13.0  <D<  15.0 

(0.55  <  D  <  0.59) 

3.00 

(6.61) 

4.41 

(3.25) 

15.0  <  D  <  16.6 

(0.59  <  D  <  0.70) 

3.50 

(7.72) 

5.15 

(3.80) 

16.6<D<  18.9 

0.70  <  D  <  0.79 

4.00 

(8.82) 

5.88 

(4.34) 

18.9  <  D  <  21.4 

(0.79  <  D  <  0.90) 

4.50 

(9.92) 

6.62 

(4.88) 

21.4  <D 

(0.90  <  D) 

5.00 

(11.02) 

7.35 

(5.42) 
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Table  2  -  Drop  hammer  mass/test  impact  energy  in 
proposed  revision  of  FOTP-25  [2] 


Cable 

Application 

Hammer  Mass 

kg  (ib) 

Impact  Energy 

N*m  (lb»ft) 

Outside  Plant 

3.0 

(6.6) 

4.41 

(3.35) 

Riser 

2.0 

(4.4) 

2.94 

(2.17) 

Plenum 

2.0 

(4.4) 

2.94 

(2.17) 

Drop  Cable 

2.0 

(4.4) 

2.94 

(2.17) 

Interconnect 

0.5 

(1.1) 

0.74 

(0.55) 

Note:  1  N*m  =  1  Joule. 


3.  Effect  of  Proposed  FOTP-25  Revisions 

3.1  Impact  Resistance  of  Traditional  Outside  Plant 
and  Premises  Cables 

As  mentioned  previously,  impact  requirements  currently 
implemented  for  OSP  cables  have  been  more  stringent  than  those 
for  Premises  cables.  The  proposed  revisions  continue  this  trend, 
incorporating  the  majority  of  the  values  used  in  GR-409  (Table  3). 
This  difference  in  performance  requirements  has  most  likely  evolved 
for  two  reasons:  1)  operating  environment,  and  2)  mechanical  limits 
of  fire  retardant  jacket  materials.  The  environment  in  which  OSP 
cables  are  expected  to  operate  successfully  generally  is  accepted  as 
much  more  hazardous  during  installation  and  in  field-life.  Whether 
it  be  from  falling  tools  or  rocks,  OSP  cables  are  designed  to  resist 
significant  impacts.  Conversely,  Premises  cables  are  installed  in 
much  friendlier  environments,  with  stray  knocks  from  tools  or  slaps 
against  spools  or  reels  being  the  most  likely  impact  scenarios.  As  a 
result,  Premises  cables  are  not  expected  to  be  as  rugged  as  OSP 
cables.  Added  to  this,  some  dominant  requirements  for  Premises 
cables  are  those  related  to  fire  codes  (flame  retardant,  low  smoke 
generation,  etc.).  The  polyethylene  materials  used  in  OSP 
products  bum  like  fuel,  so  materials  selected  to  meet  fire  codes  do 
not  include  PEs  but  PVCs  and  heavily  filled  EVAs.  PVCs  can  be 
very  brittle  in  impact.  Filled  materials  generally  have  reduced 
moduli  (very  soft)  which  increases  the  potential  for  jacket 
splitting,  especially  when  jacketing  layers  are  thin.  Thus,  lesser 
impact  requirements  for  Premises  cables  have  become  acceptable 
in  favor  of  better  fire  resistance  characteristics. 

Unlike  Premises  cables,  the  impact  capabilities  of  most  OSP  cables 
significantly  exceed  -  by  double  or  more  -  even  their  own  current 
requirements.  Still,  the  proposed  revision  to  the  standard 
significantly  reduces  the  impact  requirements  for  many  OSP  cables 
(for  all  those  with  an  OD  of  15  mm  (0.60")  or  larger).  This  lowering 
of  standards  might  be  of  greater  concern,  but  the  other  requirements 
—  including  crush  resistance,  cyclic  flex  performance,  cold 
temperature  bend  -  which  govern  the  design  of  OSP  cables  are  most 
likely  to  generate  cables  that  maintain  the  current  level  of  impact 
resistance. 


However,  cables  designed  to  operate  in  both  OSP  and  Premises 
environments  may  be  of  concern.  The  issues  related  to  multi¬ 
environment  cables  are  discussed  in  the  next  section. 


Table  3  -  Drop  hammer  mass/test  impact  energy  in 
Telcordia  GR-409  [3] 


Cable 

Hammer  Mass 

Impact  Energy 

Application 

kg 

(ib) 

N*m 

(lb*ft) 

Riser  Cable 

4.00 

(8.82) 

5.88 

(4.34) 

Plenum  &  General 
Purpose  Cable 

2.00 

(4.4) 

2.94 

(2.17) 

General  Purpose 
Interconnect  Cables 

0.50 

(1.10) 

0.74 

(0.54) 

General  Purpose 
Undercarpet  Cables 

16.00 

(35.20) 

23.5 

(17.3) 

3.2  Issues  with  Impact  Standards  and  New  Multi- 
Environment  Cables 

The  concern  with  new  multi-environment  cables  is  that  neither  the 
current  nor  revised  standard  will  identify  impact  problems  at  low 
temperatures.  Historically,  impact  (and  other)  testing  at  low 
temperatures  directly  has  not  been  required  for  OSP  cables, 
although  other  cable  properties  are  tested  at  temperatures  as  low 
as  -40  °C.  This  practice  has  been  "safe"  because  OSP  cables  are 
designed  to  meet  enough  other  requirements  (UV  and 
environmental  aging,  crush  and  tensile  strength)  that  promote  the 
choice  of  materials  (e.g.,  polyethylene)  and  design  structures  that 
behave  very  well  in  impact,  even  at  low  temperatures.  In  fact, 
standard,  polyethylene-jacketed  OSP  cables  can  pass  the  FOTP- 
25  test  at  -40  °C  with  no  problem. 

In  contrast,  the  dominating  requirements  for  Premises  cables  are 
those  related  to  fire  codes,  as  discussed  in  the  last  section.  OSP's 
polyethylene  bums  like  fuel,  so  PVCs  and  filled  EVAs  are  chosen 
as  Premises  jacket  materials  instead.  Low  temperature 
performance  in  bending  is  only  considered  down  to  -20  °C,  at  the 
very  lowest,  and  most  other  mechanical  tests  —  including  impact 
— are  perfomied  at  ambient  temperature.  But,  as  mentioned, 
PVCs  can  be  very  brittle  in  impact,  even  at  room  temperature. 
Highly  filled  materials  can  also  have  problems  at  low 
temperatures  unless  an  appropriate  base  resin  is  selected.  As  a 
result,  multi-environment  cables  inherit  the  weaknesses  of 
Premises  cables  in  impact  scenarios,  yet  these  Premises-biased 
products  must  also  perform  adequately  at  low  temperatures.  As 
cables  are  not  currently  tested  for  cold  temperature  impact,  this 
vulnerability  may  remain  uncovered  until  field  problems  occur. 

The  next  section  looks  at  some  current  multi-environment  cables. 
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4.  Current  Multi-Environment  Cables 

Over  the  last  couple  of  years,  multi-environment  cables  have  been 
introduced  in  two  contexts,  those  using  the  tight  buffered  fibers  of 
Premises  cables  and  those  using  non-buffered  or  ribbonized  fibers  of 
OSP  cables.  The  first  type  is  referred  to  in  this  paper  as 
Indoor/Outdoor  -  indoor  or  Premises  products  that  are  also  capable 
of  being  used  in  an  outdoor  environment.  Conversely, 
Outdoor/Indoor  cables  are  OSP  cables  that  are  fire-rated  for  the 
indoor  environment.  Thus,  either  type  can  be  installed  building-to- 
building  or  building-to-OSP  node  without  special  termination  or  use 
requirements  in  either  environment. 

4.1  Indoor/Outdoor  Cables  -  Plenum  and  Riser 
Rated 

Both  plenum  and  riser-rated  Indoor/Outdoor  cables  have  been 
introduced  in  the  market  place.  Of  those,  some  use  P VC-type 
jacketing  materials,  while  others  use  EVA  materials  heavily  filled 
with  fire-retarding  Mg(OH)2  (magnesium  hydroxide)  or  ATH 
(aluminum  trihydrate).  An  example  of  an  EVA  jacketed  cable  is 
shown  in  Figure  2.  Of  the  two  fire  ratings  for  cables,  plenum  rated 
cables  have  more  stringent  fire  requirements.  As  a  result,  LSPVC 
(low  smoke  PVC)  or  PVDF  (polyvinylidenefluoride)  are  the 
preferred  materials. 

PVDF,  as  opposed  to  LSPVC,  is  best  suited  for  plenum  rated 
indoor/outdoor  or  outdoor/indoor  cables.  The  high  amount  of 
plasticizer  required  to  keep  the  PVC  flexible  at  low  temperatures 
can  cause  additional  smoke  generation  in  the  UL910  Steiner  Tunnel 
test.  In  contrast,  with  PVDF,  there  are  co-  and  terpolymer  grades 
that  not  only  provide  fire  retardancy  and  low  smoke  generation,  but 
also  produce  a  highly  weatherizable,  tough,  and  crack  resistance 
jacket,  even  at  low  temperatures. 

4.2  Outdoor/Indoor  Cables  -  Plenum  and  Riser 
Rated 

Several  Outdoor/Indoor  cables  are  on  the  market,  two  of  which  were 
presented  in  papers  in  the  proceedings  of  IWCS  99.  One  of  these 
was  a  Outdoor/Plenum  cable  with  a  loose  tube  construction  [4]  and 
the  other  was  a  Riser-rated,  OSP  central  core  ribbon  cable  [5].  The 
riser-rated  cable  design  is  shown  in  Figures  3.  This  cable  also  uses 
the  highly  filled  EVA  jacket  material. 

Using  the  cables  pictured  in  Figures  2  and  3,  as  well  as  other 
commercial  cables,  the  next  section  will  discuss  a  series  of  impact 
test  scenarios  that  can  be  used  to  highlight  the  issues  associated  with 
the  impact  performance  of  multi-environment  cables.  The  test  data 
presented  is  intended  as  a  reference  for  future  standard 
developments  and  revisions. 

5.  Impact  Testing  of  Multi-Environment 
Cables 

As  discussed  in  Sections  2  and  3,  the  evolution  of  the  impact 
standards  to  date  may  leave  multi-environment  cables  vulnerable  to 


impact.  In  essence,  this  vulnerability  may  not  be  because  the  cables 
are  poor  performers  under  the  existing  or  revised  FOTP-25 
requirements,  but  because  this  FOTP-25  is  no  longer  adequate  to 
screen  for  all  realistic  impact  failures  —  most  notably,  cold  impact 
failures.  Therefore,  data  (where  available)  from  three  test  scenarios 
are  used  to  evaluate  the  adequacy  of  current  and  proposed  impact 
resistance  standards:  1)  cable  performance  under  the  current 
standard,  2)  cable  performance  under  the  proposed  standard  and  3) 
cable  performance  in  cold  impact.  The  current  and  proposed 
requirements  are  shown  in  Tables  1  and  2,  respectively.  The  cold 
impact  testing  was  done  with  the  impact  values  used  in  the  proposed 
FOTP  revision  (Table  2),  but  at  a  series  of  temperatures  lower  than 
the  standard  room  temperature  requirement  (see  Table  4).  These 
sub-ambient  temperature  impact  tests  were  completed  from  inside 
the  environmental  chamber. 


Figure  2.  Lucent  Indoor/Outdoor  Cable 


Figure  3.  Lucent  Outdoor/Indoor  Cable 


6.  Test  Data 

The  collection  of  test  data  from  the  assortment  of  Indoor/Outdoor 
and  Outdoor/Indoor  cables  tested  is  shown  in  Table  4.  The  cables 
are  grouped  by  application  type  (OSP,  Oil ,  I/O  and  Premises). 
Cables  1  and  9  are  included  as  benchmarks  of  normal  OSP  and 
Premises  cable  performance,  respectively.  The  data  shown  in  the 
table  were  collected  either  from  in-house  testing  or  public 
documents  published  by  the  cable  manufacturer  [4,  5]. 

The  first  test  scenario  of  concern  is  defined  by  the  appropriate 
requirements  from  GR-20  and  GR-409  (Tables  1  and  3)  and 
ambient  temperature.  Pass/fail  data  from  this  scenario  is  available 
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Table  4  -  Data  from  impact  tests  conducted  at  various  operating  temperatures 


Cable 

No. 

Cable  Type 

Jacket 

Material 

Type 

Test  Masses,  kg, 

GR-409/GR-20 

(highest  mass  in 
revised  FOTP-25) 

Temperature  at  Impact  (°C) 

(sub-ambient  tests  used  newly  proposed  test  masses) 

Ambient 

Temp* 

10 

0 

-10 

-20 

-30 

-40 

OSP  CABLE 

1 

Lucent  OSP 
Cables 

HDPE  and 
MDPE  with 

2.5%  carbon 
black 

4.00 

(OSP.  3  kg) 

pass 

pass 

pass 

pass 

pass 

pass 

pass 

0/1  CABLE 

2 

O/I  Cable  - 

Plenum  Rated 
(12  fiber)  [4] 

Plenum  flame 
retardant  and 

UV  resistant 
mat'l 

2.00/1.50 

(OSP,  3  kg) 

pass/pass 

NR 

NR 

NR 

NR 

NR 

NR 

3 

O/I  Cable  - 

Plenum  Rated 
(72  fiber)  [4] 

Plenum  flame 
retardant  and 

UV  resistant 
mat'l 

2.00/2.00 

(OSP,  3  kg) 

pass/pass 

NR 

NR 

NR 

NR 

NR 

NR 

4 

Lucent  O/ 1 

Cable  -  Riser 
Rated  [5] 

Highly  filled 
EVA 

4.00/4.00 

(OSP.  3  kg) 

pass/pass 

TBT 

TBT 

TBT 

TBT 

TBT 

TBT 

5 

O/I  Cable  A  - 
Riser  Rated 

(12-fiber) 

PVC-type 

4.00/3.00 

(OSP,  3  kg) 

pass/pass 

TBT 

TBT 

FAIL 

FAIL 

FAIL 

TBT 

6 

O/I  Cable  B  - 

Riser  Rated 

(12-fiber) 

P  VC-type 

4.00/2.00 

(OSP.  3  kg) 

pass/pass 

TBT 

TBT 

FAIL 

FAIL 

FAIL 

TBT 

I/O  CABLE 

1 

I/O  Cable  A  - 

Riser  Rated 

(12-fiber) 

PVC-type 

4.00/1.50 

(OSP  3  kg) 

FAIL/ 

pass 

TBT 

TBT 

FAIL 

FAIL 

FAIL 

TBT 

8 

Lucent  I/O 

Cable  -  Riser 
Rated  (12-fiber) 

Highly  filled 
EVA 

4.00/1.50 

(OSP  =  3  kg) 

pass/pass 

TBT 

TBT 

pass 

pass 

pass 

TBT 

PREMISES  CABLE 

9 

Lucent 

Premises  Cable 
-Riser-Rated 

PVC 

4.00 

(Riser,  2  kg) 

pass 

TBT 

FAIL 

FAIL 

FAIL 

TBT 

TBT 

*  Cables  were  tested  at  ambient  temperature,  which  is  23  °C  ±  5  °C. 
Note:  NR  =  No  data  reported  by  product  manufacturer. 


TBT=  To  be  tested.  (Data  planned  for  presentation  at  IWCS  2000.) 


for  all  cables.  The  expectations  of  Cables  1  and  9  are  governed 
by  GR-20  and  GR-409,  respectively,  and  perform  successfully. 
Being  multi-environment  cables,  Cables  2  through  8  are  subject 
to  the  requirements  of  both  standards  and  in  all  but  one  instance 


meet  both  sets  of  requirements  (the  test  masses  of  these  multiple 
requirements  are  listed  in  the  fourth  column  of  Table  4).  The 
exception  among  those  evaluated  at  ambient  temperature  was 
Cable  7.  It  was  a  smaller  diameter  cable  and  passed  the 
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diameter-dependent  requirement  for  OSP  cables,  which  uses  a 
1.5  kg  mass.  However,  the  Premises  Riser  requirement  uses  a  4 
kg  mass,  regardless  of  diameter,  and  caused  one  of  the  fibers  in 
this  cable  to  break.  The  second  test  scenario  of  concern  is  cable 
performance  at  ambient  temperature  based  on  the  proposed 
revision  to  the  FOTP-25.  For  all  but  three  cables,  the  current 
requirements  equal  or  exceed  the  new  requirements.  However, 
the  performance  of  Cables  2,  3,  and  7  is  unknown  under  the  new 
requirements  as  the  proposed  generic  test  mass  for  OSP  cables 
(3  kg)  would  exceed  that  for  either  of  the  current  OSP  or 
Premises  tests.  Additional  testing  is  ongoing 

Shifting  to  the  cold  impact  testing  and  the  third  test  scenario, 
tests  were  completed  inside  an  environmental  chamber  using  the 
masses  included  in  the  proposed  FOTP-25  revision.  As 
expected,  the  cable  designed  primarily  for  an  outdoor 
environment  (Cable  1)  performed  well  at  low  temperatures.  The 
basic  Premises  cable  (Cable  9)  did  poorly,  also  as  expected.  The 
potential  for  vulnerability  in  cold  impact  for  other  Premises-like 
cables  was  demonstrated  by  Cables  5,  6,  7,  and  9.  However,  the 
success  of  Cable  8  shows  that  suitable  jacket  materials  are 
available  for  multi-environment  cables. 

Spurred  by  the  data  presented  in  Table  4,  additional  testing  is 
ongoing  to  generate  a  more  complete  set  of  data.  A  more 
comprehensive  set  of  data  will  identify  the  transitional 
temperatures  for  each  material,  and  thereby  identify  which 
materials  are  suitable  only  for  a  Premises  environment  and 
which  can  survive  in  an  OSP  environment  as  well. 

It  is  worth  particular  mention  that  the  cold  impact  tests  were 
carried  out  with  one  key  procedure:  the  test  apparatus  was  set  up 
inside  the  environmental  chamber.  It  was  found  that  even  the 
short  amount  of  time  needed  to  remove  a  cable  sample  from  a 
cooling  chamber  and  place  it  in  a  room-temperature  test  set  was 
enough  to  allow  the  cable  sample  to  warm  significantly  — 
significantly  enough  for  some  cables  to  "pass"  the  test  when  they 
failed  a  test  that  was  completed  inside  the  environmental 
chamber. 

Also  of  note  is  the  discovery  that  at  low  impact  loads  the 
commonly-used  impact  test  apparatus  designs  have  shown 
sufficient  parasitic  losses  to  render  the  results  invalid.  In  the 
current  apparatus,  the  test  mass  slides  down  a  post  to  the 
sample.  When  a  relatively  heavy  mass  is  used,  the  frictional 
energy  losses  caused  by  the  guide  shaft  are  not  an  issue.  In 
contrast,  friction  can  greatly  reduce  the  effective  impact  on  the 
sample  when  smaller  masses  are  used.  Further,  these 
discrepancies  in  effective  impact  can  go  undetected  because  no 
calibration  method  is  recommended.  However,  there  are  a 
number  of  ways  that  an  apparatus  could  be  calibrated,  including 
using  a  calibrated  spring  to  measure  actual  deflection  under 
impact,  and  thereby  the  actual  energy  of  impact.  Therefore,  it  is 
recommended  that  methods  for  calibration  be  included  in  a 
future  revision  of  the  standard.  For  now,  the  currently  proposed 


revision  to  FOTP-25  contains  language  cautioning  users  on  the 
effect  of  parasitic  losses. 

7.  Conclusions 

The  impact  test  data  presented  in  this  paper  clearly  indicates  that 
cold  impact  performance  is  poor  for  multi -environment  cables. 
However,  the  testing  also  identifies  that  some  good  choices  for 
multi-environment  jacket  materials  are  available  and  have  been 
used  —  knowingly  or  not. 

So,  with  the  advent  of  cable  products  designed  to  cross  the 
boundaries  between  traditional  OSP  and  Premises  application 
areas,  the  authors  believe  the  time  has  come  to  introduce  standard 
low  temperature  impact  test  requirements  for  multi-environment 
cables— and  Premises  cables.  The  specific  values  would  reflect 
the  actual  performance  of  cables  that  have  demonstrated 
acceptable  performance  in  service.  If  nothing  else,  the  test  would 
serve  as  a  defense  for  cables  that  traditionally  have  been  expected 
to  perform  poorly  in  colder  environments.  Proposals  to  introduce 
cold  impact  standards  have  been  made  and  are  being  debated  in 
Industry  standards  working  groups.  The  data  and  notes  on  test 
procedure  included  in  this  paper  should  provide  useful 
information  for  the  development  of  this  proposed  test  standard. 

8.  Acknowledgments 

The  authors  thank  Sherrie  Gentry,  Joe  Edmondson,  Ernest  Swann, 
and  Rick  Norris  for  their  assistance  in  cable  testing  and  data 
collection. 

9.  References 

[1]  TIA/EIA-455-25B,  Repeated  Impact  Testing  of  Fiber  Optic 
Cables  and  Cable  Assemblies,  September  1996. 

[2]  TIA  PN-4600,  Committee  Letter  Ballot  of  proposed 
revision  TIA/EIA-455-25C,  Repeated  Impact  Testing  of 
Fiber  Optic  Cables  and  Cable  Assemblies. 

[3]  Telcordia  GR-409-CORE,  Issue  1,  Generic  Requirements  for 
Fiber  Optic  Cable ,  1994. 

[4]  D.A.  Keller,  et.  al.,  "Continued  Development  of  The  Plenum- 
Outdoor  Totally  Dry  Optical  Fiber  Cable  Designs," 
Proceedings  of  the  48th  International  Wire  &  Cable 
Symposium ,  1999,  pp.  409-415. 

[5]  R.H.  Norris,  et.  al.,  "Development  of  a  Riser  Rated 
Outdoor/Indoor  Central  Tube  Ribbon  Cable,"  Proceedings  of 
the  48th  International  Wire  &  Cable  Symposium ,  1999,  pp. 
134-140. 


International  Wire  &  Cable  Symposium 


315 


Proceedings  of  the  49th 


Authors 


Richard  D.  Beggs,  Lucent  Technologies,  Inc. 

2000  NE  Expressway,  ID-51,  Norcross,  GA  30071 

Richard  D.  Beggs  is  a  Member  of  Technical  Staff  with 
Lucent  Technologies,  Inc.  Bell  Laboratories,  Norcross, 
GA.  He  holds  a  BSME  from  Iowa  State  University.  He 
has  worked  in  cable  design  and  development  for  more 
than  twenty  years  and  holds  a  number  of  patents  in 
product  design. 


Lisa  A.  Dixon,  Lucent  Technologies,  Inc. 

2000  NE  Expressway,  IE-47,  Norcross,  GA  30071 

Lisa  A.  Dixon  is  a  Member  of  Technical  Staff  with  Lucent 
Technologies,  Inc.  Bell  Laboratories,  Norcross,  Georgia.  Dr. 
Dixon  joined  Lucent  Technologies  in  1997  in  the  capacity 
of  Development  Engineer.  She  received  her  B.S.  degree  in 
Engineering  Science  from  Trinity  University,  an 
International  Diploma  from  Imperial  College,  London,  UK, 
and  M.S.  and  Ph.D.  degrees  in  Mechanical  Engineering 
from  Georgia  Institute  of  Technology.  She  is  currently 
working  in  the  area  of  Outside  Plant  Cable  design  and 
development. 


§? . 


Michael  D.  Kinard,  Lucent  Technologies,  Inc. 

2000  NE  Expressway,  F050,  Norcross,  GA  30071 

Michael  D.  Kinard  is  a  Senior  Development  Engineer  and 
Distinguished  Member  of  Technical  Staff  with  Lucent 
Technologies,  Inc.  Bell  Laboratories,  Norcross,  GA.  He  holds  a 
BSME  from  Old  Dominion  University  and  an  MSME  from 
Georgia  Institute  of  Technology.  He  was  worked  in  cable 
design  and  development  for  more  than  twenty  years.  He  holds  a 
number  patents  in  the  cable  design  and  processing  area. 

| 


Paul  E.  Neveux,  Jr.,  Lucent  Technologies,  Inc. 

2000  NE  Expressway,  2G-02,  Norcross,  GA  30071 

Paul  E.  Neveux,  Jr.  obtained  his  Ph.D.  in  Chemistry  from 
the  University  of  North  Carolina  at  Chapel  Hill.  After  a 
post-doctoral  fellowship  at  Duke  University,  he  was  a 
Senior  Design  Engineer  and  Materials  Laboratory 
Supervisor  at  Sumitomo  Electric  Lightwave  Corp  in 
Research  Triangle  Park,  NC  from  1986  to  1997  working 
on  optical  fiber  outside  plant  cable  materials.  Currently, 
Paul  works  in  the  Premises  Cable  Materials  Group  of  Bell 
Labs  in  Norcross,  GA,  focusing  on  the  use  of 
fluoropolymers  for  both  optical  and  copper  LAN  cables. 


International  Wire  &  Cable  Symposium 


316 


Proceedings  of  the  49th 


Flexural  Rigidity  Analysis  of  Optical  Fiber  Cable 

Bradley  J.  Blazer 

Research,  Development  &  Engineering,  Corning  Cable  Systems 

Hickory,  NC 

+1  -828-323-6239  •  bradley.blazer@corning.com 


Abstract 

The  ability  to  measure  and  predict  the  flexural  rigidity  or  stiffness 
of  various  cable  designs  is  an  important  consideration  when 
seeking  to  improve  installation  efficiency.  Since  cable  stiffness  is 
also  a  variable  required  by  some  installation  modeling  software,  it 
can  be  expected  that  customers  will  demand  accurate  stiffness 
data  as  cable  system  designers  seek  to  maximize  puli  lengths. 
Several  measurement  methods  were  studied  and  a  procedure 
based  on  the  3 -point  apparatus  was  selected.  Test  results  from 
various  cables  and  their  components  were  used  for  comparison 
and  as  an  aid  in  predicting  the  stiffness  of  future  cables.  The 
effects  of  temperature  and  bending  rate  on  cable  stiffness  were 
also  investigated  and  found  to  be  very  significant.  Field  trials 
confirmed  the  major  effect  that  cable  stiffness  has  on  duct 
installation. 

Keywords 

Flexural  rigidity,  flexure,  stiffness,  moment,  inertia,  modulus, 
bending,  duct  installation 

1.  Introduction 

Bending  theory,  material  properties  and  practicality  were  considered 
in  evaluating  and  selecting  a  test  procedure  for  cable  stiffness.  A 
method  of  stiffness  prediction  was  also  developed  which  provided 
useful  insight  for  cable  design  considerations.  Real  world 
installation  conditions  were  considered  when  evaluating  cable 
stiffness  and  its  effects  on  the  end  user. 

2.  Mechanics  of  Bending 
2.1  Bending  Theory 

When  a  cable  is  bent,  the  region  on  the  outside  of  the  bend 
experiences  tensile  strain  and  the  region  on  the  inside  of  the  bend 
experiences  compressive  strain.  The  boundary  between  the  tensile 
region  and  the  compressive  region  is  called  the  neutral  axis.  The 
strain  at  any  point  is  proportional  to  the  curvature  of  the  bend  and 
the  distance  from  the  neutral  axis.  The  stiffness  contribution  of  any 
element  is  proportional  to  modulus,  amount  of  strain,  cross-sectional 
area  and  distance  from  the  neutral  axis  (note  that  for  a  simple  round 
rod  radius  will  be  raised  to  the  fourth  power.)  For  the  cable  to  be  in 
equilibrium,  the  stiffness  of  the  tensile  and  compressive  regions 
must  be  equal.  Since  most  cables  are  symmetrical  about  their  center 
the  neutral  axis  will  pass  through  the  center  of  the  cable.  Some 
materials  such  as  aramid  reinforced  plastic  have  a  tensile  modulus 
that  is  significantly  higher  than  their  compressive  modulus.  As  a 
result  the  neutral  axis  will  shift  in  the  direction  of  higher  modulus  to 


achieve  equilibrium.  A  cable  with  a  preferential  bend  has  a 
minimum  stiffness  along  one  axis  and  a  maximum  stiffness  along 
the  orthogonal  axis.  Following  a  preferential  bend  will  minimize  the 
distance  between  high  strength  elements  and  the  neutral  axis. 


2.2  Stiffness  Calculations 

2.2. 1  Equations  Following  is  a  list  of  equations  required  for  most 
stiffness  calculations1,2: 

Stiffness:  B=EI  (l) 

Where  B  -  Stiffness,  E  =  Young’s  modulus  and  I  -  moment  of 
inertia. 


Moment  of  Inertia :  I  =  jA  y2dA 


(2) 


Where  y  -  distance  from  neutral  axis  and  A  =  cross-sectional  area. 
For  a  cylinder: 

7rD4 


I=- 


(3) 


64 


For  a  hollow  cylinder:  J  — RJ 

64 


(4) 


For  a  sub-element  with  some  distance  y  from  its  neutral  axis  to  the 
neutral  axis  of  the  cable: 


I  =  I0  + Ay 


(5) 


International  Wire  &  Cable  Symposium 


317 


Proceedings  of  the  49th 


2.2.2  Assumptions  A  typical  fiber  optic  cable  composed 
of  tensile/anti-buckling  strength  elements,  plastic  fiber  protecting 
elements  and  a  protective  outer  sheath  acts  as  a  composite  structure 
in  bending.  Good  stiffness  predictions  were  obtained  were  by 
assuming  that  all  solid  elements  act  as  a  unit  and  by  neglecting  the 
contributions  of  loose  elements  such  as  fiber  or  yams.  A  special  case 
is  the  stranded  steel  wire  used  as  a  tensile/anti-buckling  element  in 
some  cable  designs.  The  stiffness  of  such  elements  is  a  function  of 
partial  coupling  due  to  stranding  and  plastic  up-jacketing. 

2.3  Modulus  in  Bending 

Elastic  elements  such  as  solid  steel  wire  are  very  predictable  in 
bending.  The  properties  are  well  known  and  they  perform 
predictably.  The  properties  of  plastics  are  not  as  well  defined. 
Performance  data  can  be  hard  to  find  or  incomplete  especially  in 
light  of  the  large  variations  in  modulus  when  the  bending  rate  or  the 
temperature  changes.  An  effective  method  of  finding  the  right 
modulus  value  for  a  plastic  or  any  new  material  is  to  test  the 
stiffness  of  one  or  more  simple  elements  and  back-calculate  the 
modulus.  For  complex  elements  such  as  the  stranded  wire 
mentioned  above,  which  occur  in  various  sizes  but  with  the  same 
geometry,  it  is  convenient  to  assign  an  effective  bending  modulus. 


pre-existing  curvature.  There  was  no  discemable  difference  in 
measured  stiffness  based  on  amount  or  direction  of  pre-existing 
curvature  within  reasonable  limits. 


End  Support  Detai  I 


3.  Test  Apparatus 

There  are  several  styles  of  test  apparatus  appropriate  for  testing 
outdoor  cables.  IEC  60794-1 -21  describes  3-point  and  cantilever 
tests.  ASTM  D790-983  also  describes  a  4-point  test.  The  3-point 
and  cantilever  tests  were  chosen  for  evaluation.  Evaluation  criteria 
included  precision  and  accuracy,  simplicity  and  ease  of  use. 


3.1  3-Point  Test 


The  3 -point  test  apparatus  is  strong  in  simplicity  and  accuracy. 
Some  simple  modifications  to  the  apparatus  make  it  the  top  choice 
in  precision  and  ease  of  use  also.  The  cable  sample  is  placed 
between  two  end  supports  and  a  central  loading  nose  (connected 
to  a  load  frame)  is  used  to  deflect  the  sample.  The  load  frame  then 
provides  force  vs.  deflection  (F/y)  data.  Stiffness  is  calculated 
from  this  data  using  the  equation1: 


B  = 


(6) 


3.1.1  3-point  Apparatus  Details  The  accuracy  advantage 
of  the  3 -point  apparatus  comes  from  the  constant  bending  moment 
reference  length  for  bending  moment  provided  by  the  fixed 
distance  between  the  end  supports  and  the  loading  nose.  A  penalty 
for  this  is  the  sliding  friction  between  the  cable  and  the  end 
supports.  Furniture  polish  was  applied  to  the  cable  sheath  for 
initial  trials  and  bearings  were  subsequently  added  to  the  end 
supports  to  allow  them  to  roll  freely.  A  shallow  v-profile  was 
machined  into  the  cylindrical  loading  nose  and  end  supports  to  aid 
in  sample  alignment.  This  self-aligning  feature  also  made  it 
possible  to  test  cable  samples  by  bending  either  with  or  against 


Figure  2.  Apparatus  for  3-point  test 


3.2  Cantilever  Test 

The  cantilever  test  apparatus  produces  a  bending  geometry  similar  to 
half  of  the  3 -point  geometry.  The  sample  is  clamped  at  one  end  and 
a  load  is  applied  at  the  other  end.  The  equation1  for  stiffness  from 
the  cantilever  test  results  reflects  the  fact  that  measured  force  and 
length  are  cut  in  half  compared  to  the  3 -point  test: 


B  = 


(7) 


3.2. 1  Cantilever  Details  This  apparatus  initially  appeared 
promising  with  respect  to  shorter  required  sample  length,  the 
stability  provided  by  the  clamp  and  the  ability  to  eliminate  frictional 
effects  by  using  a  pivoting  link  to  apply  the  load.  The  major 
disadvantage  came  to  light  when  investigating  the  effects  of  pre¬ 
existing  cable  curvature:  Stiffness  results  when  bending  against  the 
pre-existing  curvature  were  lower  than  results  obtained  when 
bending  with  the  pre-existing  curvature.  The  cause  becomes 
apparent  when  one  considers  that  the  path  of  the  point  of  application 
of  force  was  actually  an  arc.  The  effective  moment-arm  length 
changed  along  this  path  and  affected  the  result.  A  rolling  support  on 
the  loading  nose  such  as  that  described  for  the  3-point  end  supports 
may  alleviate  this  problem.  Test  setup  was  another  disadvantage  of 
the  cantilever  apparatus  since  each  cable  size  required  a  different 
clamp  insert  and  alignment  with  respect  to  pre-existing  curvature 
was  critical  to  avoiding  torsion  effects. 
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Figure  3.  Apparatus  for  cantilever  test 


very  significant  effect  on  measured  stiffness.  The  logarithmic  curve 
fit  is  typical  of  viscoelastic  behavior.  An  observed  advantage  of 
testing  at  high  bending  rates  was  a  reduction  in  standard  deviation  of 
the  test  results.  The  plastic  materials  appeared  to  behave  in  a  more 
linearly  elastic,  predictable  maimer  as  rate  was  increased. 


Rate  Variatioi 
30mm  SCR  cal 


♦  Measured  Stiffness  N*sq.fnLog.  (Measured  Stiffness  N*s 


3.3  4-point  Apparatus. 

No  testing  was  conducted  using  a  4-point  apparatus  but  it  does 
warrant  discussion.  The  configuration  is  similar  to  the  3 -point 
apparatus  but  with  two  loading  noses  equidistant  from  the  center. 
Advantages  are  lower  sidewall  pressure  at  the  loading  noses  and  a 
center  region  that,  except  for  error  caused  by  friction,  experiences 
pure  bending  (no  shear  stress).  A  caveat  to  the  pure  bending  region 
is  that  no  direct  measurement  of  deflection  occurs  there. 


F 


4.  Test  Parameters 
4.1  Test  Rate 

The  primary  purpose  of  the  stiffness  testing  that  was  conducted  was 
to  predict  cable  behavior  during  installation.  Since  bending  rates 
during  a  typical  cable  pull  far  exceed  the  capacity  of  most  load 
frames  the  highest  practical  rate  was  selected.  At  the  highest  test 
speeds  a  flying  start  may  be  required  to  allow  the  machine  to 
accelerate  to  full  speed  before  contacting  the  test  sample.  The 
variation  of  stiffness  with  bending  rate  is  a  function  of  the  properties 
of  the  plastics  incorporated  in  the  cable  and  their  contribution  to  the 
overall  cable  stiffness.  As  shown  in  the  graph,  test  rate  can  have  a 


Figure  5.  Bending  rate  variation 

Although  strain  rate  also  varies  with  radius  within  the  cable,  the 
effect  on  modulus  is  accounted  for  in  the  moment  of  inertia 
calculation  when  predicting  stiffness.  As  a  result,  all  cables  tested  at 
a  given  bending  rate  can  use  the  same  set  of  modulus  values 
regardless  of  cable  diameter.  For  this  reason  it  is  not  appropriate  to 
adjust  the  test  rate  to  achieve  a  standard  maximum  strain  rate  such  as 
the  1%/min  described  in  ASTM  D  790-983  and  other  standards  for 
material  testing. 

4.2  Sample  Length 

The  span  length  of  the  sample  under  test  can  have  two  significant 
effects.  The  bending  rate  is  inversely  proportional  to  sample  length 
therefore  the  length  must  be  limited  to  achieve  a  bending  rate  similar 
to  that  seen  in  the  field.  On  the  other  hand  the  ratio  of  length  over 
diameter  must  be  large  enough  to  eliminate  excessive  shear 
deflection  during  the  test.  The  16:1  ratio  described  in  ASTM  D790- 
983  for  the  3-point  test  (equivalent  to  8:1  in  the  cantilever  test)  is  a 
good  guideline  for  the  largest  cable  diameters  in  a  given  category. 
Smaller  cables  within  the  same  category  should  be  tested  with  the 
same  sample  length  to  maintain  a  standard  bending  rate. 

4.3  Temperature  Effects 

When  comparing  cable  designs,  it  is  useful  and  reasonable  to 
observe  stiffness  at  standard  temperature.  Actual  field  conditions, 
however,  may  vary  considerably  with  typical  recommended 
installation  temperatures  of  -20°C  to  +50°C.  The  limiting 
condition  will  most  likely  be  the  lower  end  of  the  temperature 
range  where  stiffness  can  be  2-3 x  larger  than  at  room  temperature. 
A  1000F  SCR  cable  was  tested  over  a  range  of  temperatures  to 
investigate  the  effects  of  temperature  on  cable  stiffness.  The 
change  in  stiffness  vs.  temperature  was  also  calculated  based  on 
secant  modulus  vs.  temperature  data  from  the  resin  supplier4.  In 
this  prediction  the  supplier  data  was  used  to  estimate  the 
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fractional  change  in  modulus  vs.  temperature  with  a  room 
temperature  modulus  derived  from  experimental  data.  It  should  be 
noted  that  sample  conditioning  at  the  test  temperature  is  a 
requirement  for  repeatable  results. 


Stiffness  vs.  Temperature 
1000FSCR  Cable 


Temperature  °C 


Figure  6.  Temperature  effects 
5.  Test  Results 

A  variety  of  cables  were  tested  and  the  measured  stiffness  was 
compared  to  the  predicted  values.  The  initial,  most  nearly  linear 
portion  of  the  load  vs.  deflection  data  was  used  in  the  calculation 
of  measured  stiffness.  Final  testing  was  conducted  using  the  3- 
point  apparatus.  Sample  length  was  300mm  for  low  fiber  count 
cables  and  500mm  for  high  fiber  count  cables.  The  test  rate  was 
250mm/min  for  all  samples.  All  predicted  stiffness  calculations  in 
figure  7  were  found  using  same  empirical  modulus  values  by 
changing  only  the  cable  dimensions. 


13mm  SCR  22mm  SCR  30mm  SCR 


Figure  7.  Calculated  and  measured  stiffness 


One  of  the  more  interesting  aspects  of  the  investigation  was  the 
relative  stiffness  contribution  of  each  cable  component.  .In  nearly 
every  cable  design,  the  jacket  is  the  biggest  contributor  to 
stiffness.  This  should  be  no  surprise  considering  that  stiffness  is 
proportional  to  the  fourth  power  of  diameter.  The  calculated 
stiffness  against  the  preferential  bend  of  the  single  tube  designs  is 
a  factor  often  larger  than  the  minimum  stiffness  that  is  reported. 


13mm  SCR  22mm  SCR  30mm  SCR  20mm 

26mm 

23mm 

Single 

Single 

Stranded 

Tube 

Tube 

Tubes 

Figure  8.  Stiffness  contributors 

6.  Field  Comparisons 

In  field  studies  presented  by  Lail  and  Logan5  that  examined  the 
effect  of  stiffness  on  pulling  force,  single  tube  cables  were 
manufactured  with  and  without  steel  armor  to  produce  a  30-50% 
variation  in  measured  stiffness  with  the  same  outer  diameter.  The 
samples  were  then  installed  in  a  variety  of  duct  cable  routes 
utilizing  conventional  winches  and  air-assisted  installation.  The 
results  showed  that  the  cable  property  of  stiffness  was  second  only 
to  diameter  in  its  effect  on  pulling  force.  The  change  in  pulling 
force  due  to  stiffness  closely  matched  the  predicted  values  (see 
figure  9).  This  data  underscores  the  importance  of  accurate 
stiffness  data  when  predicting  maximum  installation  lengths. 


Pulling  Forces  -  Inner  Duct 


Relative 

Cable 

Stiffness 

Actual 

Difference 

Ibs(kg) 

Pred.Diff. 
Eqns  1/2 
Ibs(kg) 

Pred.Diff. 
Eqns  1/2/3 
Ibs(kg) 

10/15 

100(45) 

40(18) 

100(45) 

15/20 

140(64) 

60(27) 

140(64) 

Figure  9.  Pulling  force  comparison  from 
presentation  by  Lail  and  Logan5  which 
demonstrates  the  effect  of  stiffness  on  pulling 
force  predictions. 
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Weight/Frictional  Forces 

Equation  #1 


7.  Conclusions 

Historically,  cable  flexural  rigidity  or  stiffness  has  frequently  been 
an  ignored  or  unreported  cable  property.  Today  as  installation 
costs  are  receiving  more  scrutiny,  stiffness  is  emerging  as  an 
important  factor  to  consider. 

•  In  this  investigation,  the  3 -point  apparatus  was  found  to 
provide  the  most  elegant  method  of  obtaining  accurate, 
repeatable  and  predictable  test  results.  Bending  rate  and 
temperature  were  found  to  be  the  biggest  factors  affecting 
test  results.  The  significant  effect  of  temperature  on  stiffness 
is  also  an  important  consideration  for  planning  and  methods 
of  cold  weather  installation. 

•  When  predicting  cable  stiffness,  bending  modulus  for  plastic 
components  is  best  obtained  through  actual  bending  tests  but 
published  properties  can  be  very  useful  in  assigning  relative 
values.  When  designing  cables  to  minimize  stiffness,  the 
relative  contribution  of  each  component  must  be  considered, 
especially  for  the  outer  layers. 

•  Cable  stiffness  is  a  major  factor  affecting  ease  of  installation 
in  ducts.  Accurate  stiffness  values  are  a  requirement  when 
estimating  duct-pulling  requirements.  Accurate  estimates  of 
duct  pulling  requirements  can  help  to  save  material  and 
installation  costs  while  ensuring  the  reliability  of  installed 
cables. 
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Abstract 

In  fiber  optic  cables,  fiber  strains  and  fiber  compression,  as  well  as 
lateral  contact  pressure  are  the  dominant  reasons  for  attenuation 
increase.  Furthermore  high  fiber  strains  reduce  the  fiber  lifetime 
and  the  reliability  of  the  system.  Considering  ribbon  cables,  due  to 
stranding,  temperature  or  bending  load,  a  complex  stress  strain 
distribution  may  occur.  Especially  the  ribbon  geometry  depicting 
both,  axis  of  high  and  low  bending  stiffness,  causes  peak  strain 
values  at  the  comer  fibers.  To  reduce  the  maximum  stress  each 
ribbon  tries  to  take  the  position  of  minimum  potential  energy,  i.e. 
each  ribbon  tends  to  relax.  Whereas  this  relaxation  is  important  for 
the  function  of  the  cable,  the  negative  side  effects  are  ribbon  to 
ribbon  and  ribbon  to  slot  interactions,  which  cause  macro-  and 
microbending.  To  investigate  both  effects  separately  two  finite 
element  (FE)-  models  have  been  developed.  An  implicit  [1]  model 
representing  the  static  strains  and  an  explicit  [2]  model  representing 
the  full  kinematic  relaxation  behavior. 

Keywords 

finite  elements,  implicit,  explicit,  stress,  strain,  relaxation, 
macrobending,  microbending. 

1.  Introduction 

The  goal  of  the  modelling  is  to  achieve  the  full  static  stress-strain- 
distribution  of  the  ribbons  as  well  as  the  full  relaxation  behavior,  as 
a  function  of  the  major  geometric  ribbon  and  cable  parameters,  f.i. 
ribbon  width,  stranding  radius,  laylength  or  slot  cross-section.  The 
objective  is  to  find  a  general,  flexible  and  easy  to  use  model  to 
investigate  all  kind  of  ribbon  cables,  f.i.  SST,  SCR  or  SZ  cable.  To 
achieve  maximum  flexibility  the  modelling  is  based  on  FE-methods, 
using  analytical  functions  to  describe  the  stranding  geometry.  To 
analyze  the  static  stress-strain-distribution,  an  implicit  large 
deflection  FE-modell,  considering  just  one  ribbon  has  been 
developed.  To  investigate  the  relaxations  of  the  ribbons  and  their 
interactions  the  way  is  to  model  a  representative  portion  of  the 
whole  cable  with  the  entire  set  of  degrees  of  freedom  (DOF),  i.e. 
without  constraining  the  ribbon  DOF  in  the  slot.  As  all  instabilities 
may  occur  it  is  useless  to  try  implicit  methods.  The  way  to  handle 
the  structural  nonlinearities  is  modelling  on  the  basis  of  explicit 
methods  [1]. 

2.  FE  Modelling 

2.1  Basic  Idea 

The  basic  idea  of  Finite  Element  (FE)-Modelling  is  to  divide  the 
structure  of  interest  into  certain  portions,  the  so-called  elements. 
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These  elements  are  connected  by  nodes.  Each  node  has  several 
degrees  of  freedom,  i.e.  displacements  and  rotations.  In  the 
displacement  method  the  node  displacements  and  rotations  are 
introduced  as  unknowns.  The  solution  is  derived  from  the 
equilibrium  conditions  for  all  nodes,  taking  into  account  an 
appropriate  interpolation  function  for  the  node  displacements  and  a 
proper  material  law  for  the  structure  under  test. 

3.  FE  Model  of  a  single  ribbon 

3.1  Ribbon  discretization  with  shell  elements 

From  the  structural  point  of  view  the  ribbon  is  a  composite  of 
different  materials,  i.e  silica  glass  and  polymer  matrix  material. 
Therefore  a  straight  forward  approach  would  be  a  full  discretization 
via  brick  elements.  As  the  ribbon  is  a  detailed  structure,  flexible  and 
long  the  usage  of  brick  elements  consumes  an  enormous  amount  of 
elements  and  CPU  time.  To  achieve  a  small  and  flexible  model  with 
a  minimum  CPU  time,  the  ribbon  is  discretizised  with  shell 
elements,  i.e  the  ribbon  cross  section  is  reduced  to  three  nodes, 
independent  of  the  amount  of  fibers  in  the  ribbon. 

©0®0  «=>  • — • — • 

Physical  ribbon  FE-ribbon 

Figure  1.  Reduction  of  a  4  fiber  ribbon  to  3  nodes 

The  information  about  the  ribbon  width  is  represented  by  the 
maximum  distance  of  the  nodes.  The  ribbon  thickness  is  considered 
via  a  parameter  d  in  each  node.  The  youngs  modulus  Em  is 
approximated  by  the  moduli  Ej  and  areas  Aj  of  the  composite 
materials  via:  ■  Ai 
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i 

From  a  perspective  point  of  view  the  ribbon  appears  like  a  lattice. 
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Figure  2.  Part  of  the  ribbon  modell 
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The  length  of  the  model  is  about  1000mm,  the  width  of  the  model  is 
defined  by  the  width  of  the  ribbon.  Each  node  Nj  has  6  degrees  of 
freedom,  i.e.  3  displacements  and  3  rotations.  Some  of  these  DOF, 
especially  of  the  nodes  defining  the  symmetry  axis  of  the  ribbon,  are 
used  to  apply  the  displacements,  derived  from  the  stranding 
geometry  of  the  cable  under  test.  The  residual  DOF  are  unknowns 
and  free  to  move  to  the  positions  of  the  minimum  potential  energy 
consistent  with  the  stranding  geometry. 

3.2  Modelling  an  SZ-stranded  ribbon 

The  ribbon  model  is  used,  f.i.  to  investigate  the  stress  and  strain 
distribution  of  an  SZ-stranded  ribbon.  The  stranding  geometry  of  the 
SZ-cable  with  sinusoidal  profile  can  be  derived  via  a  basic  cylindric 
and  cartesian  coordinate  system: 


Figure  3.  Coordinate  system  for  parametrization 
of  an  SZ-layprofile 

Fig.  3  depicts  a  general  coordinate  system  for  the  parametrization  of 
an  SZ  stranded  layprofile.  The  z-axis  is  coincident  with  the  cable 
axis,  x  and  y-axis  are  orthogonal  to  the  z  axis.  The  sketch  shows  the 
projection  of  1  distance  between  reversals  (dbr),  2  reversal  and  one 
helical  range  onto  the  cable  cross  section.  The  orientation  of  the  x- 
axis  (=  angular  zero)  is  from  the  cable  center  through  the  midst  of 
the  helical.  The  layprofile  is  described  by  a  vector  T  of  constant 
length  r0,  swinging  around  the  cables  z-axis,  describing  a  line 
through  all  middle  points  of  each  slot  cross  section.  The  maximum 
angular  offsett  between  reversals  is  275.5°,  the  optimum  reversal 
angle  <E>0. 


Cylindric  T(z)r>(p 


Cartesian  T(z)x>y 


Ro:  Stranding  radius  S:  Laylength 


For  a  fundamental  static  investigation  it  is  assumed,  that  the 
parametric  cartesian  coordinates  T(z)x  y  can  be  used  as  displacement 
boundary  conditions  to  constrain  the  DOF  of  the  symmetry  nodes 
throughout  the  whole  ribbon  model. 


Helical 


Figure  4.  SZ  stranded  ribbon  model 

Figure  4  shows  an  SZ-stranded  ribbon  model.  The  original  length  of 
the  model  is  4  DBR,  the  picture  shows  2  dbr.  The  perspective  view 
is  similar  to  Fig.  3,  but  for  the  sake  of  presentation  the  model  is 
rotated  1  degree  about  the  x  and  y  axis,  either.  To  minimize  shear 
and  torsional  forces  the  natural  behavior  of  the  ribbon  is  backtwist, 
i.e.  in  the  FE-  model  the  ribbon  rotates  in  the  z  degree  of  freedom 
around  the  symmetry  nodes.  A  value  of  interest  are  the  edge  fiber 
strains.  These  values  are  derived  from  the  equilibrium  position  of 
the  comer  nodes  via:. 

c(:  x  _  -D(«,.+|  /H<)0 

D(ni+X  /»,)„ 


D(n,+i/iij)fi  o  denotes  the  distance  of  adjacent  nodes  before  and  after 
stranding.  The  value  is  derived  for  all  nodes  as  a  function  of  z. 


Figure  5.  Calculated  fiber  strain  ( 2  dbr) 
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Fig.  5  shows  the  calculated  strain  distribution  of  the  comer  fibers, 
as  well  as  of  the  symmetry  axis  of  the  ribbon.  The  strain 
distribution  is  symmetric  to  the  ribbon  axis.  The  maximum  strain 
due  to  bending  and  torsion  appears  in  between  the  helical  and  the 
reversal  points.  The  values  in  Fig.  5  are  derived  for  typical  cable 
dimensions.  The  maximum  strain  is  close  to  0.2  percent  which  is 
assumed  to  be  the  lifetime  strain  limit.  Therefore  the  strain 
distribution  is  used  to  vary  the  cable  parameters  to  keep  maximum 
strain  low. 

Another  interesting  result  derived  from  this  modelling  is  the 
reaction  force  distribution  as  a  function  of  the  cable  z-axis.  As  the 
stranding  function  is  applied  on  the  symmetry  nodes  via  cartesian 
displacements,  each  constrained  node  n;  has  two  corresponding 
reaction  force  components  fxj.  and  fyj.  The  total  reaction  force  ftot 
is  derived  straight  forward  from  these  components  using  the 
relation: 

/(*)«  =  Vj*'2+Jfc2 

This  force  function  f(z)  is  closely  related  to  the  contact  pressure 
between  ribbon  and  slot. 


Figure  6.  Calculated  reaction  force  ( 2  dbr) 

Fig.  6  shows  the  calculated  reaction  force  f(z)  for  2  dbr.  The 
reaction  force  shows  a  maximum  value  between  helicals  and 
reversals.  Therefore  this  range  is  the  distance  where  the  maximum 
contact  pressure  between  ribbon  and  slot  is  to  be  expected. 


3.3  Discussion  of  the  ribbon  model 

The  ribbon  modell  is  based  on  the  assumption,  that  the  stranding 
function  could  be  generated  via  static  boundary  conditions 
applied  directly  to  the  ribbon.  The  advantage  of  this  method  is, 
that  it  is  sufficient  to  consider  just  one  ribbon.  Therefore  the 
model  is  very  small,  consuming  few  CPU  time.  This  is  a  big 
advantage  considering  parameter  studies  on  a  large  scale.  The 
disadvantage  of  just  considering  one  ribbon  is  neglecting  ribbon 
to  ribbon  as  well  as  ribbon  to  slot  interactions. 


Another  disadvantage  is  the  necessity  of  applying  boundary 
conditions  directly  to  the  ribbon,  which  means  to  constrain  part  of 
the  relaxation  behaviour.  To  investigate  the  full  relaxation 
behavior  of  a  ribbon-cable  under  stranding,  bending,  temperature 
or  crush  load,  a  full  3d  modell  has  to  be  generated  containing  the 
whole  set  of  ribbons,  describing  all  their  degrees  of  freedoms 
within  the  slot-cross- section. 

4.  Full  kinematic  3d  cable  modelling 

To  investigate  the  relaxation  behavior  is  to  consider  long,  flexible 
structures,  interacting  with  each  other,  showing  the  whole  set  of 
structural  nonlinearities,  i.e  geometric,  structural  and  material 
nonlinear  behavior  [1].  Implicit  FE-methods  are  not  the  promising 
tool  to  control  all  these  nonlinearities.  The  remedy  is  quasistatic 
explicit  dynamics  with  a  minimum  kinetic  energy  control. 

4.1  Structure  of  the  model 

A  typical  ribbon  cable  of  interest  for  modelling  is  the  SCR  Cable. 

Jacket  (HDPE) 

Waterblocking 
Central  Member 

Slot 

Ribbons 

The  FE-model  consists  of  brick  [1] ,  shell  and  contact  [1]  elements. 


Ribbon  stack 
Shell  elements 

Cable  rod 
Brick  elements 

Jacket 

Brick  elements 

Steel  wire 
Brick  elements 


Figure  7.  Physical  cable  and  FE-model 

Fig.  7  shows  the  physical  cable  cross-section  as  well  as  the 
corresponding  FE  mesh.  Just  one  slot  is  under  consideration,  i.e. 
filled  with  ribbbons.  The  ribbons  are  modelled  via  shell  elements, 
each  shell  ribbon  structure  loose  in  the  slot. 
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Strain  x  10 


The  slot  and  the  rest  of  the  cable  consist  of  brick  elements.  The 
model  is  discontinuous,  i.e.  the  ribbons  and  the  rod  are  not 
connected  by  structural  elements.  The  interactions  like  contact 
pressure  are  considered  by  contact  elements.  The  cross-section  of 
the  model  is  about  20mm.  The  length  is,  dependent  of  the  stranding 
geometry  under  consideration,  about  1000mm. 

Excess  ribbon 


Figure  8.  Perspective  view  of  the  model 

Fig.  8  shows  a  perspective  view  of  the  model,  treating  two  laylength, 
for  minimizing  the  influence  of  the  model’s  ends.  As  the  model  is  to 
represent  any  portion  of  the  cable,  proper  boundary  conditions  for 
the  open  model  ends  have  to  be  found.  The  excess  ribbon  length 
distribution  is  calculated  according  to  the  stranding  geometry  under 
consideration  and  added  to  each  ribbon-shell-element-structure. 

4.2  Relaxation  Modelling 

Stranding  and  bending  are  modelled  by  applying  displacements  and 
rotations  to  the  rod’s  and  jacket’s  brick  element  nodes.  These 
displacements  are  transferred  to  the  ribbons  via  contact  elements. 
Each  ribbon  is  totally  unconstrained  within  the  slot  cross-section,  to 
take  the  minimum  potential  energy  position.  Therefore  a  distinct 
decrease  of  strain,  compared  to  the  static  ribbon  model  is  observed. 


Figure  9.  Strain  relaxation 


Fig.  9  compares  the  edge  fiber  strain  of  the  static  model  to  the  strain 
results  of  the  kinematic  model.  Under  consideration  is  the  straight 
SZ-profile,  described  in  Fig.  3. 

Due  to  ribbon  relaxation  within  the  slot  dimensions,  the  maximum 
fiber  strain  between  reversal  and  helical  is  reduced  by  approx.  25%. 

In  this  case  the  results  can  be  compared  easily,  as  a  straight, 
symmetric  stranded  cable  is  under  consideration.  If  the  cable  f.i.  is 
bent,  the  strain  distribution  is  much  more  complex,  depending  on 
the  position  of  the  slot  relatively  to  the  bending  axis.  To  get  an  easy 
to  understand  output  from  the  modelling  it  is  assumed,  that  the  total 
potential  energy  Etot  of  the  ribbons  is  a  good  indicator  for  the 
ribbons’  mechanical  load.  This  energy  consists  of  shear  deflection 
energy  values  Es  and  the  normal  deflection  energy  values  En. 

EIot  =  Es+En 

Therefore  the  response  of  each  ribbon  is  a  1 -dimensional  energy 
function  of  the  external  load,  which  is  typically  a  bending  load. 

4.3  Typical  Examples 

Investigating  the  ribbon  bending  and  relaxation  behavior  of  an  SZ- 
SCR  cable,  due  to  the  ribbon  backtwist,  each  slot  has  two  distinct 
bending  axis  with  different  bending  behavior.  One  bending  axis  is 
the  symmetry  axis  x  of  Fig.  3,  the  second  is  the  orthogonal  y  axis. 
The  bending  process  starts  with  infinite  diameter,  i.e.  the  straight 
cable  and  ends  with  250mm  minimum  bending  radius. 
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Figure  10.  Bending  about  y  axis 


Fig.  10  shows  5  potential  energy  traces  as  a  function  of  bending 
radius,  each  line  representing  one  ribbon.  The  simulation  consists  of 
the  real  bending  process  and  a  dynamic  relaxation  process.  Whereas 
during  bending  the  abszissa  values  range  from  infinity  to  0.25m 
minimum,  in  the  dynamic  relaxation  the  radius  is  constant  0.25m, 
this  gives  the  ribbons  some  extra  time  to  relax  after  bending  is 
completed.  The  ribbon  relaxation  is  perfect,  when  the  energy  traces 
are  parallel  to  the  abszissa.  To  save  CPU  time  the  calculation  is 
stopped,  when  the  slope  of  each  trace  is  smaller  than  a  certain 
criterium. 
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For  optimum  cable  behavior  the  lines  should  be  close  together  at  a 
low  potential  energy  value,  which  means  the  ribbons  are  equally  low 
mechanical  loaded.  In  Fig.  10  the  ribbons  bottom  and  top  have  a 
problem  at  small  bending  radii,  i.e.  high  strains  resulting  in  high 
energy  values,  causing  attenuation. 

To  avoid  this  the  cable  parameters  have  to  be  changed.  Another 
remedy  could  be  constraining  the  bending  specifications  to  radii 
smaller  than  0.5m,  which  seems  to  be  a  critical  point  for  the 
configuration  under  test,  i.e.  the  traces  start  to  diverge. 


Bending  radius/  m 


Figure  11.  Bending  about  x  axis 


Fig.  11  shows  the  potential  energy  bending  traces  for  bending  the 
cable  about  the  slot  x-axis.  The  energy  response  function  shows  a 
distinct  energy  peak  at  bending  radii  about  0.38m.  This  peak 
denotes  an  instability.  It  is  caused  by  ribbon  flip,  due  to  bending 
load  on  the  ribbons’  stiff  bending  axis.  To  minimize  this  load,  the 
whole  ribbon  stack  tends  to  tilt.  This  is  critical  for  the  integrity  of 
the  ribbon  stack  as  well  as  for  the  attenuation  values.  Again  the 
remedy  is  to  avoid  small  bending  radii,  in  this  case  smaller  than 
0.38m. 


5.  Conclusions 

To  investigate  the  static  load  on  ribbons  and  their  kinematic 
relaxation  behavior  two  FE-models  have  been  developed.  The 
modelling  is  common  for  ribbon  cables,  some  special  problems  are 
illustrated  with  the  SZ-SCR  stranding  geometry. 

The  modelling  gives  insight  in  the  stress-strain  and  bending  radii 
distribution  of  the  ribbons  due  to  stranding,  temperature,  crush  or 
bending  load,  considering  contact  forces  and  friction.  It  helps  to 
understand  the  ribbon  relaxation  behavior  indicating  critical  loads, 
where  high  fiber  strains  or  ribbon  instabilities  occur. 
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Abstract 

In  order  to  confirm  the  applicability  of  the  WDM  system  to  access 
networks,  we  investigated  the  optical  characteristics  in  1600nm- 
wavelength  range  of  various  types  of  optical  access  cables  with 
SMF.  Optical  loss  change  in  wavelength  range  up  to  1640nm  was 
investigated  during  temperature  change,  mid-span  branching  and 
mechanical  change,  which  are  expected  as  factors  to  affect  the 
optical  characteristics  after  and  during  cable  installation.  From  the 
test  results,  it  was  confirmed  that  these  types  of  cables  have  stable 
characteristics  at  each  wavelength  in  1600nm  range  enough  for  the 
WDM  transmission  system  to  be  applied  to  access  networks. 
Moreover,  we  compared  the  wavelength  dependence  of  loss  increase 
caused  by  temperature  change  with  that  of  macro-  and  micro¬ 
bending  loss.  Then  we  deduced  the  cause  for  the  loss  increase, 
which  depends  on  cable  structure  and  fiber  position  in  a  cable  cross 
section. 

Keywords 

Optical  access  cable;  1600nm  range;  WDM;  SMF. 

1.  Introduction 

To  meet  the  recent  demands  for  increase  in  transmission  capacity, 
the  WDM  transmission  system  has  been  applied  mainly  to  the  long- 
haul  telecommunication.  For  more  rapidly  increasing  demands,  the 
WDM  transmission  system  is  beginning  to  extend  to  access 
networks.  A  model  of  access  network  is  shown  in  figure  1 .  Access 
network  is  composed  of  feeder  cable  portion  and  distribution  cable 
portion.  The  feeder  cables  accommodate  high  fiber  count  up  to  1000 
and  are  mainly  installed  underground.  On  the  other  hand, 
distribution  cables  are  mostly  aerial  in  Japan,  spreading  over  the 
wide  area  of  the  access  network. 

To  apply  the  WDM  system  to  access  network,  it  is  necessary  to 
confirm  the  goodness  of  the  optical  characteristics  in  the 
underground  feeder  cables  and  aerial  distribution  cables  in  1600nm- 
wavelength  range  used  in  WDM  system.  Therefore,  we  investigated 
optical  loss  change  in  1600nm  range  during  temperature  change  and 
mid-span  branching,  which  are  expected  as  factors  to  affect  the 
optical  characteristics  after  cable  installation.  In  addition,  we 
investigated  optical  loss  change  in  1600nm  range  during  mechanical 
change,  which  is  expected  as  a  factor  to  affect  the  optical 
characteristics  during  cable  installation.  Moreover,  we  examined  the 
wavelength  dependence  of  macro-  and  micro-bending  loss.  Then  we 
discussed  the  mechanism  of  loss  increase  caused  by  temperature 
change,  by  means  of  comparing  the  wavelength  dependence  of  this 
loss  increase  with  that  of  macro-  and  micro-bending  loss. 


Figure  1.  Model  of  access  network 

2.  Cable  structure 

Figure  2  shows  the  cross  sections  of  the  cables  of  which  we 
investigated  optical  characteristics.  SMF  ’s  are  used  in  these  cables. 

2.1  [Type  A]  Stranded  loose  tube  cable 

Six  tubes  are  stranded  around  a  central  strength  member  and  each 
tube  contains  six  0.25mm  diameter  fibers.  This  cable  type  is  used 
worldwide. 

2.2  [Type  B]  Single  tube  cable  with  4-fiber  ribbon 

Several  4-fiber  ribbons  are  stacked  and  accommodated  in  a  central 
tube.  This  cable  has  self-supporting  cable  structure  with  excess 
cable  length  relative  to  suspension  member,  and  is  used  as  an  aerial 
distribution  cable.  This  cable  would  be  used  widely  in  the  potion  of 
aerial  distribution  cable  because  of  its  down  sized  simple  structure. 

2.3  [Type  C]  S-slotted  core  cable  with  8-fiber 
ribbons 

Ten  8-fiber  ribbons  are  accommodated  in  each  helical  slot.  This 
cable  type  is  widely  used  as  an  underground  feeder  cable. 

2.4  [Type  D]  SZ-slotted  core  cable  with  4-fiber 
ribbons 

Five  4-fiber  ribbons  are  stacked  and  accommodated  in  each  slot  of 
SZ-slotted  rod.  Since  each  slot  changes  its  direction  periodically, 
fiber  ribbons  can  be  easily  extracted  from  slotted  rod.  Self- 
supporting  cable  structure  with  excess  cable  length  relative  to 
suspension  member  is  also  adopted  and  this  cable  is  used  widely  in 
Japan  as  an  aerial  distribution  cable. 
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Type 


Loose  tube 
Fiber 

Central  strength 
member 

Jacket 

A  :  Stranded  loose  tube  cable 


Type  B  :  Single  tube  cable  with  4-fiber  ribbon 


Stranded  steel 
suspension  membi 


SZ-slotted  rod 
4-fiber  ribbons 
Strength  member 
Jacket 


Type  C  :  S-slotted  core  cable  with  8-fiber  ribbon 


Type  D  :  SZ-slotted  core  cable  with  4-fiber 


Figure  2.  Cross  sections  of  investigated  optical  access  cables 


Figure  3.  Schematic  diagram  of  measurement  set-up 


3.  Characteristics  of  optical  loss  change 

3.1  Measurement  method 

Optical  loss  Change  was  measured  by  the  method  of  IEC  60793-A- 
C10A  -  Transmitted  power  monitoring  (see  figure  3).  This  method 
has  an  advantage  of  keeping  the  measurement  accuracy  during  long 
time  test  such  as  temperature  characteristics  examination,  since 
change  of  light  source  power  can  be  corrected.  Wavelength  tunable 
laser  was  used  for  light  source. 

3.2  Temperature  characteristics 

Optical  loss  changes  at  70  and  -30°C  from  at  20°C,  were  measured 
at  1530,  1550,  1600,  1625  and  1640nm  wavelengths  on  type  A  to  D 


cables  wound  around  drums.  Measured  fibers  in  each  cable  were 
selected  mainly  from  the  fibers  that  are  expected  to  show  large  loss 
increase  owing  to  their  positions  in  cable  cross  section. 

Measurement  results  in  each  cable  are  shown  in  figure  from  4  to  7. 
For  each  cable,  the  results  were  good  since  loss  increase  at  both  70 
and  -30°C  were  less  than  O.ldB/km.  Accordingly,  it  was  confirmed 
that  each  cable  has  temperature  characteristics  satisfactory  for 
practical  purposes  in  the  wavelength  range  from  1530  to  1640nm. 
However,  a  small  amount  of  loss  increase  was  observed  in  some  of 
the  cable  types  and  the  fibers.  We  will  discuss  these  in  detail  later 
(see  chapter  5). 
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3.3  Mid-span  branching  characteristics 

Mid-span  branching  characteristics  were  examined  on  type  B,  C, 
and  D  cables. 

The  loss  changes  in  removing  the  jacket  and  extracting  the  ribbons 
were  measured  at  1550,  1600  and  1640nm  wavelength. 

Results  are  shown  in  table  1.  In  each  cable,  loss  increase  greater 
than  0.05  dB  was  not  observed.  Accordingly,  it  was  confirmed  that 
each  cable  has  mid-span  branching  characteristics  satisfactory  for 
practical  purposes  in  the  wavelength  range  up  to  1640nm.  With 
regard  to  the  wavelength  dependence  of  loss  increase,  it  could  not 
be  observed  in  these  three  wavelengths  at  this  measurement. 

Table  1.  Results  of  mid-span  branching  tests 


Procedure 

Loss  change  f 

Type  B 

Type  C 

Type  D 

1550  1600  1640 

nm  nm  nm 

155011600  1640 
nm  |  nm  nm 

155011600  1640 
nm  |  nm  nm 

Separating 
suspension  member 

<  0.05  dB 

— 

<  0.05  dB 

Removing  the  jacket 

<  0.05  dB 

Removing  the 
wrapping  tape 

Extracting  the  ribbons 

3.4  Mechanical  characteristics 

Mechanical  tests  were  performed  on  type  B,  C,  and  D  cables  at  1550, 
1600  and  1640nm  wavelength.  Results  are  shown  in  table  2.  In  each 
cable,  loss  increase  greater  than  0.05  dB  was  not  observed. 
Accordingly,  it  was  confirmed  that  each  cable  has  mechanical 
characteristics  satisfactory  for  practical  purposes  in  the  wavelength 
range  up  to  1 640nm.  With  regard  to  the  wavelength  dependence  of 
loss  increase,  it  could  not  be  observed  in  these  three  wavelengths  at 
this  measurement. 

Table  2.  Results  of  mechanical  tests 


Item 

Method 

Loss  change  | 

Type  B 

Type  C 

Type  D 

1550  1600  1640 

nm  nm  nm 

1550  1600  1640 

nm  nm  nm 

1550  1  600  1  640 

nm  nm  nm 

Reapeted  bending 
(Cycle:  10) 

(R=160mm  fortypeB.D) 
(R=240mm  for  type  C  ) 

IEC 

60794 

-1 

<  0.05  dB 

<  0.05  dB 

<  0.05  dB 

Crush 

(1960N/100mm) 

Torsion 
(±9071  m  j 

Impact 

(Ikgxlm) 

(Impact  surface  diameter 
:  10mm) 

Wavelength  (nm) 

Figure  4.  Temperature  characteristics 
of  loss  increase  on  type  A 


<r. 

V 

C 


1500  1550  1600  1650 

Wavelength  (nm) 

Figure  5.  Temperature  characteristics  of 
loss  increase  on  type  B 


results.  Moreover,  these  loss  increases  do  not  always  show  the  same 
wavelength  dependence.  Therefore,  we  examined  the  wavelength 
dependence  of  macro-  and  micro-bending  loss,  which  is  expected  to 
be  the  cause  of  the  loss  increase.  Then  the  wavelength  dependence 
of  the  macro-  and  micro-bending  loss  will  be  compared  with  that  of 
temperature  characteristics,  in  chapter  5. 


4.  Optical  loss  caused  by  macro-  and 
micro-bending 

In  the  temperature  characteristics  shown  in  figure  from  4  to  7,  a 
small  amount  of  loss  increase  was  observed  in  some  cases  of  the 


4.1  Fiber  parameters 

For  two  types  of  fiber  shown  in  table  3,  the  wavelength 
dependence  of  macro-  and  micro-bending  loss  was  examined. 
Type  1  fiber  has  a  relatively  high  sensitivity  to  macro-bending  and 
type  2  fiber  has  an  average  sensitivity  to  macro-bending. 
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Loss  increase  (dB/km)  Loss  increase  (dB/km)  Loss  increase  (dB/km) 


The  edge  fiber  of 
the  top  ribbon 


Wavelength  (nm) 

The  edge  fiber  of 
the  bottom  ribbon 


The  center  fiber  of 
the  bottom  ribbon 
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Figure  6.  Temperature  characteristics  of  loss  increase  on  type  C 
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Figure  7.  Temperature  characteristics  of  loss  increase  on  type  D 
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Type  1  fiber  Type  1  fiber 

Bend  diameter:  30mm  Bend  diameter:  40mm 


Wavelength  (nm)  Wavelength  (nm) 


Type  1  fiber 
Bend  diameter:  50mm 


Wavelength  (nm) 


Type  2  fiber 
Bend  diameter:  30mm 


Wavelength  (nm) 


Type  2  fiber 
Bend  diameter:  40mm 


Wavelength  (nm) 


Figure  8.  Wavelength 
dependence  of  Macro¬ 
bending  loss 


Table  3.  Parameters  of  test  fibers 


Type 

Cut-off  (nm) 

MFD  (pm) 

1 

@1550nm 

10.6 

@1600nm 

10.9 

2 

@1550nm 

10.5 

@1600nm 

10.7 

Table  4.  Conditions  of  wire  mesh 
microbending  test 


Length  of  fiber  under  test 

300  mm 

Load  Increment 

1  kg 

Mesh 

specification 

Woven  | 

Wire  diameter 

0.22  mm 

Wire  pitch 

0.62  mm 

4.2  Macro-bending  loss 

Macro-bending  loss  was  measured  by  method  in  accordance  with 
EEC  60793-1 -Cl  1.  Bend  diameters  were  30,  40,  and  50mm. 

Measurement  results  are  shown  in  figure  8.  Since  type  1  fiber  is 
more  sensitive  to  macro-bending  than  type  2  fiber,  loss  increase  of 
type  1  is  lager  than  that  of  type  2.  Moreover,  two  types  of  fiber  differ 
in  the  wavelength  dependence  of  macro-bending  loss.  For  example, 
if  we  take  the  ratio  of  loss  increase  at  1640nm  to  at  1550nm,  it  is 
from  5  to  9  for  type  1  and  from  3  to  4  for  type  2.  These  results  show 
that  fiber  which  is  more  sensitive  to  macro-bending  has  larger 
wavelength  dependence  of  macro-bending  loss  in  this  wavelength 
range. 

The  macro-bending  characteristics  of  fibers  used  in  the  test  cables 
were  nearly  equivalent  to  that  of  type  2  fiber,  owing  to  their  fiber 
parameters.  Therefore,  also  the  wavelength  dependence  of  macro¬ 
bending  loss  of  these  fibers  is  considered  nearly  equivalent  to  that  of 


type  2  fiber.  That  is  to  say,  the  ratios  of  their  macro-bending  loss  at 
1640nm  to  at  1550nm  are  thought  to  be  approximately  from  3  to  4. 

4.3  Micro-bending  loss 

Micro-bending  loss  was  measured  by  method  in  accordance  with 
IEC  60793-l-C3C-wire  mesh  microbending  test  method. 
Measurement  conditions  are  shown  in  table  4. 

Measurement  results  are  shown  in  figure  9.  These  results  show  that 
the  loss  increase  and  its  wavelength  dependence  are  relatively 
insensitive  to  fiber  types.  Moreover,  the  slope  of  loss  increase  versus 
wavelength  is  flatter  than  that  of  macro-bending  loss.  The  ratio  of 
loss  increase  at  1640nm  to  at  1550nm,  for  instance,  is  a  little  less 
than  2. 

4.4  Comparison  of  macro-  and  micro-bending  loss 

The  above  results  show  that  the  wavelength  dependence  of  macro¬ 
bending  loss  is  steeper  than  that  of  micro-bending  loss  in  this  long 
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By  wire  mesh  method 


1500  1550  1600  1650 


Wavelength  (nm) 

Figure  9.  Wavelength  dependence 
of  Micro-bending  loss 

wavelength  range.  For  two  types  of  fiber  used  in  this  experiment, 
the  ratio  of  loss  increase  at  1640nm  to  at  1550nm  is  more  than  3 
for  macro-bending  and  a  little  less  than  2  for  micro-bending  (see 
table  5). 

Table  5.  Wavelength  dependence  of  bending 
loss 

(Ratio  of  loss  increase  at  1640nm  to  at  1550nm) 


Type 

Macro- 

Micro- 

1 

5  ~  9 

<2 

2 

3  ~  4 

<2 

5.  Causes  of  temperature  characteristics 

As  described  above,  macro-  and  micro-bending  loss  shows 
different  wavelength  dependence.  Therefor,  by  examining  the 
wavelength  dependence  of  temperature  characteristics  of  each 
cable,  we  can  deduce  which  type  of  bending  (macro-  or  micro-) 
mainly  caused  the  loss  increase. 

5.1  Temperature  characteristics  of  type  B 

5. 1 . 1  Wavelength  dependence 

In  this  cable,  a  comer  fiber  of  4-fiber  ribbon  stack  was  measured. 
The  result  is  shown  in  fig.5.  The  result  was  that  loss  increase  was 
observed  at  -30°C,  whereas  at  70°C  it  was  not  observed.  At  -30°C, 
loss  increase  at  1640nm  is  about  twice  as  large  as  that  at  1550nm. 
This  wavelength  dependence  is  more  similar  to  that  of  micro¬ 
bending  loss  than  macro-bending  loss.  Accordingly,  it  can  be 
assumed  that  the  principal  factor  of  this  loss  increase  was  micro¬ 
bending  rather  than  macro-bending. 

5. 1.2  Consideration  of  low  temperature  characteristics 

The  reason  for  the  occurrence  of  micro-bending  loss  at  low 
temperature  may  be  assumed  as  follows: 


Since  the  tube  contracts  in  the  longitudinal  direction  at  low 
temperature,  ribbon  stack  undulates  in  the  tube.  At  this  point,  the 
ribbons  would  be  pressed  against  the  inner  wall  of  the  tube.  It  is 
assumed  that  this  lateral  pressure  caused  the  micro-bending  loss, 
especially  in  comer  fibers  of  the  ribbon  stack. 

5.2  Temperature  characteristics  of  type  C 
5.2.1  Wavelength  dependence 

In  this  cable,  ten  8-fiber  ribbons  are  stacked  in  each  slot.  Three 
fibers  in  a  slot  were  measured.  These  are  the  edge  fiber  of  the  top 
ribbon,  the  edge  fiber  of  the  bottom  ribbon  and  the  center  fiber  of 
the  bottom  ribbon.  These  results  are  shown  in  figure  6.  The 
wavelength  dependence,  which  is  expressed  as  the  ratio  of  loss 
increase  at  1640nm  to  at  1550nm,  is  shown  in  table  6.  As  before, 
the  wavelength  dependence  of  these  results  was  compared  with 
that  of  macro-  and  micro-bending  loss.  Then  the  principal  factor 
of  loss  increase  was  deduced.  The  deduction  is  shown  in  table  7. 

Table  6.  Wavelength  dependence  of  type  C 
(Ratio  of  loss  increase  at  1640nm  to  at  1550nm) 

Top  ribbon  Bottom  ribbon 

Temperature - 7 - - 

Edge  fiber  Edge  fiber  Center  fiber 

70QC  Not  increase  <1.5  <2 

-30SC  About  4  About  2  Not  increase 


Table  7.  Deduction  of  principal  factor  of 
loss  increase  on  type  C 


The  reason  for  occurrence  of  these  deferent  types  of  bending  loss 
may  be  assumed  as  follows: 

5.2.2  Consideration  of  high  temperature 
characteristics 

Owing  to  the  cable  elongation  in  the  longitudinal  direction  at 
70°C,  ribbon  stack  in  a  slot  is  strained.  In  order  to  reduce  the 
tension,  ribbon  stack  moves  toward  the  bottom  of  the  slot. 
Consequently,  ribbon  stack  would  be  pressed  against  the  bottom 
wall  of  the  slot.  It  is  assumed  that  this  lateral  pressure  caused  the 
micro-bending  loss  in  the  fibers  of  the  bottom  ribbon. 

On  the  other  hand,  because  the  top  ribbon  does  not  directly  touch 
the  bottom  wall  of  the  slot,  micro-bending  loss  was  not  caused. 

5.2.3  Consideration  of  low  temperature  characteristics 

At  -30°C,  owing  to  the  cable  contraction  in  the  longitudinal 
direction,  excess  of  ribbons  relative  to  the  slot  increases.  At  this 
point,  since  there  is  a  small  amount  of  clearance  between  the  top 
ribbon  and  the  wrapping  tape,  it  is  assumed  that  macro-bending 
was  induced  in  the  top  ribbon.  In  contrast  to  this,  in  the  ribbons 
positioned  below  the  top  ribbon,  especially  in  the  bottom  ribbon, 
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movements  toward  up  and  down  are  suppressed.  Therefore,  the 
macro-bending  is  hard  to  be  induced.  But  the  edge  fiber  of  the 
bottom  ribbon  is  liable  to  be  pressed  against  the  upper  ribbon  or  the 
bottom  or  the  side  walls  of  the  slot.  Owing  to  this  lateral  pressure,  it 
is  assumed  that  micro-bending  loss  was  induced  in  the  edge  fiber  of 
the  bottom  ribbon. 

On  the  other  hand,  it  seems  that  the  center  fiber  of  the  bottom  ribbon 
is  not  pressed  against  the  bottom  wall  of  the  slot  at  the  low 
temperature.  Nor  does  center  fiber  contact  directly  with  the  side 
walls  of  the  slot.  For  these  reasons,  it  is  assumed  that  micro-bending 
loss  due  to  lateral  pressure  was  not  induced  in  the  center  fiber  of  the 
bottom  ribbon. 

5.3  Temperature  characteristics  of  type  D 

5.3. 1  Wa  velength  dependence 

In  this  cable,  stacked  five  4-fiber  ribbons  are  inserted  in  each  SZ- 
slot.  Two  fibers  in  a  slot  were  measured.  One  was  the  edge  fiber  of 
the  top  ribbon,  the  other  was  the  edge  fiber  of  the  bottom  ribbon. 
These  results  are  shown  in  figure  7.  The  wavelength  dependence, 
which  is  expressed  as  the  ratio  of  loss  increase  at  1640nm  to  at 
1550nm,  is  shown  in  table  8.  As  before,  from  comparing  the 
wavelength  dependencies  of  these  results  with  that  of  macro-  and 
micro-bending  loss,  the  principal  factor  of  loss  increase  was 
deduced  as  shown  in  table  9. 


Table  8.  Wavelength  dependence  of  type  D 
(Ratio  of  loss  increase  at  1640nm  to  at  1550nm) 


Temperature 

Top  ribbon 

Bottom  ribbon 

Edge  fiber 

Edge  fiber 

702C 

Not  increase 

About  2 

-30gC 

<1.5 

About  3 

Table  9.  Deduction  of  principal  factor 
of  loss  increase  on  type  D 


Temperature 

Top  ribbon 

Bottom  ribbon 

Edge  fiber 

Edge  fiber 

70eC 

Not  increase 

Micro- 

-302C 

Micro- 

Macro- 

The  reason  for  the  occurrence  of  these  deferent  types  of  bending  loss 
may  be  assumed  as  follows: 

5.3.2  Consideration  of  low  temperature  characteristics 

In  SZ-slotted  rod  cable,  the  friction  force  between  ribbons  and  a  slot 
is  larger  than  in  S-slotted  rod  cable.  In  addition,  the  dimension  of 
slot  is  designed  large,  so  there  is  a  lager  amount  of  clearance 
between  ribbons  and  a  slot.  For  these  reasons,  it  is  assumed  that 
macro-bending  was  induced  in  the  bottom  ribbon  at  -30°C,  when 
excess  of  ribbons  relative  to  the  slot  increased  owing  to  the„cable 
contraction  in  the  longitudinal  direction. 


On  the  other  hand,  in  the  top  ribbon,  it  is  dubious  why  the  loss 
increase  caused  by  macro-bending  was  not  observed.  But,  in  the 
edge  fiber  of  the  top  ribbon,  loss  increase  caused  by  micro-bending 
was  observed.  The  reason  for  this  may  be  assumed  as  follows: 

When  excess  of  ribbons  relative  to  the  slot  increase,  the  ribbons 
undulate  in  the  slot.  At  this  point,  the  edge  fibers  would  be  easy  to 
be  pressed  against  the  bottom  or  the  side  walls,  as  described  in 
figure  10.  Therefor,  it  is  assumed  that  this  lateral  pressure  caused  the 
micro-bending  in  the  edge  fiber  of  the  top  ribbon. 

5.3.3  Consideration  of  high  temperature  characteristics 

As  cable  elongates  in  high  temperature,  the  stacked  ribbons  in  a  slot 
are  strained  and  they  move  toward  the  bottom  of  the  slot  as  a  whole. 
Consequently,  the  edge  fiber  of  the  bottom  ribbon  would  be  easy  to 
be  pressed  against  the  bottom  or  the  side  walls  of  the  slot,  as  figure 
10.  This  lateral  pressure  is  assumed  to  have  caused  micro-bending 
loss. 


Center  of  the 
reverse  point 


Figure  10.  Ribbon  stack  in  SZ-slot 


6.  Conclusion 

For  various  types  of  optical  access  cables  with  SMF,  temperature 
characteristics,  mid-span  branching  characteristics  and  mechanical 
characteristics  were  investigated  in  the  wavelength  range  up  to 
1640nm.  These  are  important  characteristics  for  optical  cables  used 
in  access  network. 

In  each  mechanical  test,  no  remarkable  loss  increase  was  observed 
in  each  cable.  From  this  result,  it  is  considered  that  the  damage  that 
causes  loss  increase  in  the  long  wavelength  range  would  not  be 
caused  by  cable  installation  operation. 

In  mid-span  branching  test,  no  remarkable  loss  increase  was  caused 
in  each  cable.  Consequently,  it  is  confirmed  that  each  cable  is 
suitable  as  an  access  cable  from  the  viewpoint  of  mid-span 
branching. 

In  temperature  characteristics  test,  the  difference  of  the  wavelength 
dependence  of  loss  increase  was  observed,  due  to  cable  structure 
and  fiber  position.  However,  the  loss  increase  was  less  than  0.1 
dB/km  in  each  case,  so  that  the  practicability  of  each  cable  was 
confirmed  in  the  wavelength  range  up  to  1640nm. 

As  a  conclusion,  it  was  confirmed  that  the  various  types  of  preset 
access  cables  with  SMF  can  be  applied  to  the  WDM  system. 
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ABSTRACT 

When  assessing  the  long-term  reliability  of  ADSS  cables 
placed  on  high  voltage  power  structures,  environmental 
effects  of  EMF  voltage,  UV  radiation,  temperature 
extremes,  humidity,  salt  and  pollution  need  to  be  examined 
to  detennine  which  type  of  jacket  material  should  be  used. 
This  paper  examines  results  of  extensive  materials  aging 
and  dry  band  arc  testing  conducted  on  ADSS  cables  with 
varying  jacket  materials  in  order  to  determine  the  relative 
importance  of  these  environmental  factors,  and  how 
combinations  and  interactions  of  these  effects  influence  the 
degradation  of  cable  jacket  materials. 

This  paper  correlates  climatological  factors  in  addition  to 
the  EMF  system  configuration  into  reliability  guidelines. 
World  maps  of  climatological  data  and  pollution  levels  are 
surveyed  in  order  to  estimate  how  these  factors  can  lead  to 
variability  in  cable  lifetime  and  reliability.  Finally, 
climatological  data  is  combined  with  materials  aging  data 
and  electrical  test  results  to  present  improved  guidelines  for 
assessment  of  long  term  robustness  of  cable  networks. 

INTRODUCTION 

All  Dielectric  self-supporting  (ADSS)  fiber  optic  cable 
offers  a  rapid  and  economical  solution  for  utility  and 
telecommunication  companies  to  deploy  optical  fiber 
cables  along  existing  electric  and  telephone  utility  pole 
rights  of  way  assets.  ADSS  cables  offer  an  alternative 
solution  over  other  aerial  application  cables  such  as  lashed 
or  Figure-8  cables.  All  dielectric  solutions  are  preferred  and 
sometimes  mandatory  for  installation  in  or  near  electric 
power  lines  on  utility  structures  where  cables  containing 
metallic  elements  are  not  advised. 

When  ADSS  optical  fiber  cables  are  installed  in  close 
proximity  to  high  voltage  power  lines,  two  electrical 
phenomenons  known  as  dry  band  arching  and  corona 
have  caused  premature  failure  of  cables.  Corona  is  caused 
by  high  electric  field  gradients  at  the  tips  of  the 
suspension  hardware  and  has  been  observed  in  both  field 
and  laboratory  environments.  While  corona  can  be  very 
damaging  to  the  cable,  mitigation  devices  exist.  When 
properly  installed  at  each  attachment  point,  these  devices 


dissipate  the  electrical  energy  that  causes  the 
phenomenon.1,2 

Dry  band  arcing  is  a  completely  different  phenomenon 
that  has  proven  to  be  a  more  elusive  problem  to  solve  and 
is  the  subject  of  this  paper.  Events  leading  to  dry-band 
arcing  can  be  described  as  follows.  When  first  installed, 
the  outer  jacket  of  an  ADSS  cable  is  hydrophobic  and 
non-conductive.  As  a  result,  its  resistance  is  very  high 
even  when  wet.  Over  time,  however,  it  becomes 
hydrophilic  and  in  some  environments,  significant 
contamination  may  accumulate.  During  wet  conditions 
the  contamination  layer  can  become  conductive  and 
capacitively  coupled  currents  from  adjacent  energized 
conductor’s  flow  within  this  layer.  As  the  contamination 
dries,  narrow  bands  form.  These  bands  can  have  high 
voltages  across  them,  enough  to  cause  arcs  to  occur  across 
the  dry  band.  If  the  current  available  to  the  arcs  is  high 
enough  (i.e.  the  resistance  of  the  contamination  is  small 
enough  to  allow  pre  dry-band  currents  in  the  milliampere 
range)  arc  heating  can  degrade  the  ADSS  jacket  and  cause 
cable  failure.3 

Selection  of  the  proper  cable  jacket  material  is  very 
important  to  guarantee  the  long-term  reliability  of  the  cable. 
This  selection  depends  upon  the  phase  to  phase  voltage  of 
the  power  utility  system,  the  environment,  and  the  position 
of  the  ADSS  cable  within  the  electrical  field.  In  very  low 
field  voltage  environments,  a  typical  high-density 
polyethylene  (HDPE)  material  is  used.  However,  in  higher 
field  voltage  special  track  resistant  jacket  material  is 
required  to  prevent  the  dry  band  arcing  caused  by 
proximity  to  high  voltage  lines.  Cross-linked  or  filled 
thermoplastic  materials  have  shown  the  best  resistance  to 
electrical  activity.  Previous  research  has  shown  that  filled 
thermoplastic  jacket  materials  containing  approximately 
2.5%  -  carbon  black  provide  a  superior  combination  of 
electrical  and  mechanical  properties  for  protection  of  the 
cables. 4 

A  thermoplastic  track  resistant  jacket  with  acceptable 
carbon  black  content  provides  a  three  pronged  solution  to 
dry  band  arcing.  First,  the  addition  of  carbon  black  ensures 
the  ADSS  will  be  resistant  to  UV  aging,  thus  reducing 
collection  of  salt/pollution  on  cable  sheath  subsequently 
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lowering  the  cable  resistance.  Second,  properly  selected 
filled  thermoplastic  jacket  materials  minimize  carbon 
surface  tracking  better  than  cross-linked  materials.  This 
assures  a  high  electrical  stability  of  the  cable  jacket. 
Finally,  the  filled  thermoplastic  track  resistant  jacket  is 
resistant  to  heat  damage  by  ablation  (vaporization  of 
material  resulting  in  pitting),  should  arcing  occur5,6.  A 
filled  thermoplastic  also  provides  similar  abrasion 
resistance  to  HDPE  jacket  material. 

Some  consider  a  Mid  Span  Space  Potential  of  12-25  kV  as 
the  standard  threshold  for  specifying  special  jacket 
materials  for  ADSS  cable7,8,  but  a  previous  study 
“Continued  investigations  of  ADSS  designs  and  reliability 
considerations  with  respect  to  field  voltage  tracking,  and 
cable  installation  practices,”  IWCS  Proceedings  1997, 
concluded  that  without  further  protection,  cable  jackets 
prematurely  failed  at  this  threshold  voltage.3  Other  factors 
also  need  to  be  considered  such  as  climate,  pollution  level, 
wet/dry  cycles  etc. 

EXPERIMENTAL 

The  cables  tested  were  of  a  similar  construction  in  which 
Polybutylene  Terapthalate  (PBT)  tubes  containing  optical 
fibers  were  stranded  around  a  central  strength  member. 
Superabsorbent  waterblocking  materials  were  used  to  make 
the  interstices  between  the  tubes  watertight.9  The  inner  core 
was  surrounded  by  an  inner  sheath  made  of  Medium 
Density  Polyethylene  (MDPE).  Between  the  inner  sheath 
and  outer  sheath  aramid  strength  yams  were  applied.  The 
material  of  the  outer  sheath  was  varied  in  order  to  examine 
the  effects  of  environmental  exposure  and  electrical  testing 
as  a  function  of  outer  jacket  material.  Various  outer  jacket 
materials  were  investigated  in  this  study  as  well  as  earlier 
studies3,4,5,8  to  get  a  complete  representation  of  all  common, 
commercially  available  jacket  materials.  A  diagram  of  the 
cable  construction  is  shown  in  Figure  1.  Details  of  outer 
jacket  material  and  are  outlined  in  Table  1. 

Figure  1.  Schematic  Representation  of  the  Cross 
Section  of  Typical  ADSS  Cable. 


Ripcords 
PBT  Tube 

Central  Strength  Member 
Optical  Fibers 
Aramid  Strength  Yams 
Water  Blocking  Material 
PE  Jackets 


The  track-resistant  materials  used  in  this  study  were 
specially  formulated  filled  thermoplastic  compounds.  The 
performance  of  such  compounds  relative  to  crosslinked 
polyethylene  PE  has  been  compared  in  an  earlier  study.3 


Effect  of  Acting  on  Mechanical  Performance  of 
the  Outer  Cable  Jacket 

Four  cables  with  different  outer  jacket  materials  were 
subjected  to  heat  and  moisture  aging  and  UV  aging 
conditions.  Heat  aging  had  been  done  at  85°C  and  at  85% 
relative  humidity  for  30  days.  Heat  aged  as  well  as  virgin 
cables  were  subjected  to  UV  aging  according  to  the  IEC 
standard  68-2-5.  Procedure  C  of  the  standard  has  been 
followed  and  the  duration  of  the  test  was  10  days.  The  total 
UV  dose  received  during  the  10  Day  UV  test  was  220 
KWh/m2  or  (792  MJ/m2).  The  test  temperature  was  kept 
constant  at  50°C.  Mechanical  properties  such  as  the  tensile 
strength  and  the  elongation  of  the  outer  cable  jacket  after 
aging  were  measured  according  to  the  method  FOTP  89 
and  compared  with  that  of  the  unaged  outer  cable  jacket. 
An  Instron  model  4202  was  used  for  tensile  measurement. 


Table  1:  Composition  of  Cable  Jacket  Materials. 


Cable  A 

HDPE 

Cable  B 

Filled  Thermoplastic/  High  Filler 

Cable  C 

Filled  Thermoplastic/  Low  Filler 

Cable  D 

Unfilled  Polyolefin  Compound 

Effect  of  Dry  Band  Arcing 

Effects  of  dry  band  arcing  on  the  performance  of  both  dry 
and  flooded  ADSS  cable  jackets  were  studied  by  subjecting 
the  cables  to  electrical  field  voltage  before  and  after  aging. 
Two  test  methods  were  compared  in  order  to  give 
correlation  between  different  test  methodologies.  A 
standard  salt- fog  test  as  well  as  an  alternative  accelerated 
electrical  test  was  performed  on  filled  thermoplastic  track- 
resistant  jacketing  compounds  and  HDPE.  The  accelerated 
test  method  was  performed  on  all  materials.  The  design  of 
electrical  experiments  and  details  of  the  test  methods  are 
described  below. 


Salt-Foq  Testing 

Salt  Fog  testing  was  performed  on  unaged  and  aged  cables 
according  to  IEEE  PI 222  Draft  March  1997  -  Annex  A. 
Each  cable  sample  was  sealed  at  both  ends  and  attached  to 
a  high  voltage  brass  ferrule  on  one  end  and  a  grounded 
cable  dead  end  on  the  other.  The  samples  were  then  placed 
under  tension  and  put  into  the  salt  fog  chamber.  A  1% 
NaCl  (salt)  solution  was  dispensed  at  a  constant  rate  of  0.4 
liters  per  cubic  meter  per  hour.  After  the  system  was 
energized  at  30  kV,  the  cables  were  inspected  at  50  hours, 
100  hours  and  then  every  100  hours  there  after.  Values  of 
the  parameters  used  in  salt  fog  test  are  listed  below. 


Duration  of  the  test: 
Test  Voltage: 
Temperature: 

Flow  rate: 

NaCl  content: 
Particle  size: 


1000  hours  (42  days) 
30  kV 
15-25°C 
0.4  liters/hr/m3 
10  kg/m3 
5-20  micron 
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It  is  important  to  note  that  the  Salt  Fog  test  is  a  constant 
flow  test  that  simulates  conditions  that  are  not  likely  to 
occur  in  nature.  This  test  method  is  currently  under  review 
by  the  IEEE  Fiber  Optics  Standards  Committee. 

Accelerated  Electrical  Testing. 

To  simulate  more  realistic  in-service  environmental 
conditions  on  high  voltage  networks,  an  experimental  setup 
subjected  the  cables  to  a  series  of  wet  and  dry  cycles,  an 
extreme  example  of  preconditions  for  dry  band  arcing.  An 
experimental  set-up  was  built  indoors  in  Arizona  State 
University’s  High  Voltage  Laboratory.  This  test  setup  is 
based  on  the  theory  of  capacitive  coupling  and  uses  a 
Thevenin  Equivalent  circuit  to  model  the  electrical 
behavior  of  an  ADSS  cable  installed  near  phase 
conductors.10  Figure  2  shows  the  high  voltage  electrical 
connections  and  Figure  3  shows  the  experimental  set-up. 
Similar  to  the  Salt  Fog  test,  the  water  reservoir  contains 
water  and  NaCl  (salt)  to  simulate  the  effects  of  precipitation 
and  pollution.  Table  2  shows  the  electrical  and  pollution 
levels  each  cable  was  subjected  to. 

Three  levels  of  resistance  of  the  cable  representing  a  given 
pollution  level  have  been  suggested  in  previous  research  on 
the  dry  band  arcing  phenomenon: 11 

1.  Light;  3.0  M£2/m 

2.  Medium:  l.OMO/m 

3.  Heavy:  0.1  MQ/m 


Table  2:  Accelerated  Electrical  Test  Key 
Parameters. 


Open  Circuit 
Voltage  (kV) 

Pollution  Level 
(MQ/m) 

Cable  A 

12 

0.1 

Cable  B 

20 

0.1 

Cable  C 

30 

0.1 

Cable  D 

30 

0.1 

-High  Voltage  Electrical  Setup 

The  high  voltage  electrical  setup  is  shown  in  Figure  2.  High 
voltage  is  supplied  through  high  voltage  transformers.  The 
high  voltage  is  directly  applied  to  the  cables  through  a 
current  limiting  impedance. 


Figure  3.  Test  setup  with  electrodes. 


-Cable  Setup 

The  cable  dimples  tested  had  end  plugs  at  both  ends  to 
prevent  the  interior  of  the  fiber-optic  cable  from  getting 
wet.  The  test  cables  were  approximately  18  inches  long. 
Two  electrodes  were  attached  to  the  fiber-optic  cables, 
namely  the  high  voltage  and  low  voltage  electrodes.  The 
electrodes  were  spaced  2.5  in.  6.35  cm  (±  0.5  cm)  apart  for 
all  sets  of  experiments.  The  high  voltage  electrode  was 
connected  to  the  output  side  (high  side)  of  the  transformers 
and  then  to  a  series  current  limiting  impedance  and  then  to 
the  cable’s  sheath.  The  cables  were  placed  inside  a 
galvanized  metallic  tank. 

-Spray  System 

To  simulate  the  environmental  conditions  of  rain  with 
pollution,  a  salt-water  solution  is  sprayed  onto  the  cable 
under  test.  The  pump  periodically  cycles  2.0  minutes  on 
and  13.0  minutes  off.  The  spray  system  consists  of  five 
lateral-spread  nozzles.  The  apparatus  is  pictured  in  Figure 
5.  The  figure  shows  the  top  view  of  three  spray  nozzles. 
Two  other  nozzles  are  on  the  other  side  (not  shown)  and  are 
equally  spaced  in  between  the  three  shown  in  the  figure. 
The  figure  shows  the  water  solution  being  sprayed. 
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Figure  5.  Saltwater  Spray  Pattern 


The  spray  nozzles  were  set  up  so  that  the  region  of 
electrical  testing  received  the  majority  of  the  water.  The 
flow  rate  of  water  was  measured  using  an  in-line  flow 
meter.  The  water  spray  creates  a  wet  conductive  layer  on 
the  fiber  optic  cable  sheath.  The  longitudinal  field 
generated  by  the  high  voltage  drives  a  current  through  this 
conductive  layer.  The  current-limiting  impedance  limits  the 
current.  This  current  initiates  the  dry-band  arcing  process  as 
the  conductive  layer  dries. 

Aging  Effects 

To  simulate  the  worst  case  scenario  for  dry  band  arcing,  the 
cables  were  aged  at  85°C  temperature  and  at  85  %  relative 
humidity  for  30  days  before  electrical  testing.  Additionally, 
cables  were  aged  in  a  UV  weatherometer  to  examine  how 
UV  aging  would  effect  the  electrical  behavior  of  materials. 

Surface  Contact  Angle  Measurement 

In  order  to  determine  the  effects  of  aging  on  the 
hydrophobicity  of  the  various  jacket  materials,  a  single 
drop  of  deionized  water  was  carefully  placed  on  the  surface 
of  each  material.  The  shape  of  the  drop  and  contact  angle 
were  then  imaged  with  an  optical  microscopy  system 
interfaced  to  a  digital  imaging  system.  Images  of  clean- 
virgin  samples  of  each  material  were  compared  to  aged  and 
aged,  polluted  samples.  Contact  angle  measurements  were 
made  from  these  images. 

The  adhesion  tension  between  deionized  water  and  the 
jacket  material  can  be  determined  by  multiplying  the  cosine 
of  the  contact  angle  by  the  surface  energy  of  the  air/water 
interface.  The  surface  tension  (energy)  of  the  air/water 
interface  is  72.5  dyn/cm  at  room  temperature.12 

AGING  AND  ENVIRONMENTAL  EFFECTS 

Performance  of  cables  in  electrical  fields  is  highly 
dependent  on  the  aging  of  the  cable.  On  a  newly  installed 
dry  cable,  the  surface  sheath  resistance  is  obviously  quite 
high  (>109  Ohm/m)  so  the  induced  currents  are 
insignificant.  Additionally,  the  cable  surface  is  highly 
hydrophobic  so  moisture  and  contaminants  are  not  prone  to 
build  up  and  thereby  reduce  surface  resistivity.  However,  as 
a  cable  ages  from  thermal  oxidation  and  exposure  to 
ultraviolet  rays  from  the  sun,  contaminants  such  as  salt, 
pollutants,  and  moisture  adsorb  on  the  cable  sheath.  The 


surface  impurities  can  significantly  reduce  the  electrical 
resistance  to  current  flow  on  the  surface  of  the  cable. 

Due  to  the  inherent  hydrophobic  nature  of  polyethylene,  the 
newly  extruded  ADSS  jacket  is  not  prone  to  collection  of 
moisture  on  the  cable  jacket  surface.  As  the  cable  surface 
begins  degradation  due  to  heat,  UV-radiation,  or  exposure 
to  ozone  the  cable  sheath  material  may  be  wetted  from 
rainfall.  Additionally  resistance  may  be  lowered  from  salt 
or  pollution.  With  a  wetted  and/or  polluted  cable  surface, 
dry  bands  of  high  resistance  surrounded  by  wetted  sections 
of  much  lower  resistance  may  develop.  As  these  bands 
develop,  the  possibility  exists  for  arcing  across  the  dry  band 
exists,  which  can  damage  an  unprotected  sheath  by  heat 
and  ablation  (vaporizing  of  jacket  material  causing  pitting). 

The  rate  of  aging  and  the  subsequent  changes  of  surface 
properties  of  the  cable  are  highly  dependent  on  the  region 
in  which  the  cable  is  installed.  In  regions  where  UV 
exposure  is  low  and  climates  are  moderate  such  as  northern 
Europe,  aging  effects  will  be  minimal.  However,  in  regions 
such  as  southern  China  where  average  temperatures  are 
high,  UV-exposure  is  high,  and  pollution  levels  are  high  the 
risk  of  dry-band  arcing  will  be  greater. 

Global  maps  of  average  temperatures,  rainfall,  and 
sunshine  are  shown  in  figures  5-7. 13  Average  UV  dose  was 
calculated  and  correlated  to  UV  aging  studies.14  Depending 
on  climatalogical  region,  mean  temperatures  can  vary  by 
20°C  or  more,  rainfall  can  vary  by  a  factor  of  1 00  or  more, 
and  annual  UV  dose  can  vary  by  a  factor  of  3  or  more.  The 
combined  effects  cause  large  variation  on  the  aging  of  the 
cable  surface,  and  therefore,  the  resulting  changes  in  cable 
surface  properties  as  a  function  of  time.  Consequently, 
cable  lifetime  and  optimal  installation  configuration  cannot 
be  accurately  determined  unless  climatological  factors  are 
included  as  part  of  the  installation  and  service  guideline 
scenario. 

Similarly,  other  factors  such  as  pollution,  ozone,  dust,  or 
aerosols  can  influence  the  surface  properties  of  cables 
and/or  accelerate  material  degradation.  Pollution  levels  can 
vary  highly  from  nation-to-nation  and  from  locality  to 
locality.  Seasonal  variation  in  winds  and  other  factors  such 
as  wildfires  can  also  have  effects  on  overall  atmospheric 
particulate  matter,  and  cables  installed  in  coastal  regions 
can  experience  the  added  risk  of  salt-spray.  In  areas  of 
known  high-risk  levels  of  surface  contamination,  guidelines 
should  be  conservative  to  account  for  the  effects  of  surface 
pollution  on  the  electrical  properties  of  the  outer  jacket. 

Comparisons  of  industrial  emissions  and  particulate 
pollution  deposition  data  reveals  large  variation  in  pollution 
levels  from  region  to  region.15,16,17,18  Total  pollution  levels 
and  trends  are  highly  variable  and  also  dependent  on 
seasonal  weather  patterns  as  well  as  natural  events  such  as 
volcanic  activity  and  wildfires.  More  specific  details  on 
trends  and  actual  composition  of  surface  pollution  are 
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available  from  the  references  cited  herein.  Due  to 
differences  in  national  regulation,  maximum  pollution 
levels  between  the  U.S.,  Europe,  and  Asia  can  vary  by  a 
factor  of  10.  Additionally,  regional  variation  can  be  even 
greater. 

RESULTS  AND  DISCUSSION 

Effect  of  Aging  on  Mechanical  Performance  of  the 

Outer  Cable  Jacket 

Change  in  Tensile  strength  and  Elongation  of  the  cable 
outer  jacket  materials  after  heat  aging,  UV  aging,  and  heat 
aging  followed  by  UV  aging  are  listed  in  Table  3  and  Table 
4. 

Table  3  and  Table  4  illustrates  that  the  heat  aging  and  UV 
aging  conditions  used  for  this  study  did  not  produce 
significant  changes  in  ultimate  material  properties  relative 
to  the  changes  in  surface  properties.  For  jacket  material  D 
an  annealing  effect  from  aging  appears  to  be  increasing 
ultimate  elongation.  Jacket  material  C  is  the  only  material 
that  shows  measurable  degradation  in  material  properties 
after  aging. 


Table  3:  Percentage  change  in  tensile  strength 
due  to  heat  aging,  UV  aging,  and  heat  followed 
by  UV  aging. _ 


%  change  in  tensile  strength 

Cable  A 

Cable  B 

Cable  C 

Cable  D 

Heat 

+2.6 

+8.7 

-24.9 

-15.5 

UV 

-1.9 

+3.4 

-7.3 

-4.6 

Heat+UV 

-8.0 

-5.1 

Table  4:  Percentage  change  in  elongation 
due  to  heat  aging,  UV  aging,  and  heat  followed 
by  UV  aging. _ 


%  change  in  ultimate  elongation 

Cable  A 

Cable  B 

Cable  C 

Cable  D 

Heat 

+6.0 

+15.0 

-26.0 

+32.0 

UV 

-12.9 

+6.7 

-33.0 

+27.0 

Heat+UV 

-37.5 

+8.7 

Figure  5.  Global  Map  of  Average  Temperatures. 


Figure  6.  Global  Map  of  Average  Rainfall. 
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Figure  7.  Global  Map  of  Average  Sunshine. 


Effect  of  Aging  and  Pollution  on  Surface 
Properties 

Figure  8  and  Tables  5  &  6  summarize  the  results  of  contact 
angle  measurements  between  deionized  water  droplets  and 
jacket  surfaces.  From  the  figure  it  is  obvious  that  both 
pollution  and  aging  have  a  significant  influence  on  the 
contact  angle.  The  adhesion  tension  (A^)  between 
deionized  water  and  the  jacket  material  can  be  determined 
by  the  following  equation: 

Aslv^  Ylv  *  Cos  9  =  72.5dyn/cm  *  Cos  0.  (1) 

Where  yLV  ,72.5  dyn/cm,  is  the  surface  tension  (energy)  of 
the  air/water  interface  at  room  temperature.19  If  the 
adhesion  tension  between  water  and  the  jacket  material 
increases  above  72.5  dyn/cm,  wetting  of  the  cable  surface 
will  occur. 

After  UV  aging  the  adhesion  tension  increased 
substantially  for  all  materials  studied.  The  filled 
thermoplastic  materials  showed  better  UV  damage 
resistance  than  the  unfilled  materials.  The  effects  of  UV 
aging  on  surface  properties  were  far  more  significant  than 
the  effects  of  UV  or  heat  aging  on  bulk  mechanical 
properties.  Relative  changes  in  adhesion  tension  were  up  to 
several  hundred  percent,  although,  no  significant  aging 
effects  were  noted  from  tensile  testing.  These  results 
indicate  that,  especially  for  UV  aging,  material  damage  is 
concentrated  on  the  cable  surface,  where  it  is  most  likely  to 
alter  electrical  properties. 

Although  there  was  substantial  variation  in  the  adhesion 
tension  of  the  virgin  materials,  all  of  the  polluted  surfaces 
had  nearly  identical  adhesion  tension.  This  phenomenon 
indicates  that  once  a  certain  level  of  cable  pollution  is 
present,  pollutant  type  and  concentration  dominate  the 
surface  electrical  properties.  Pollution  increased  the 
adhesion  tension  by  12  to  28  dyne/cm  and  was  equal  in 
significance  to  UV  effects. 


The  total  U.V.  dose  received  during  the  10  Day  U.V.  test 
was  220  KWh/m2  or  (792  MJ/m2).  This  U.V.  dose  is 
equivalent  to  direct  exposure  in  southern  Arizona  for  about 
1  year,  direct  exposure  in  Miami  for  about  1.5  years,  or 
direct  exposure  in  Northern  Europe  for  about  3  years.11  The 
amount  of  damage  accumulated  during  U.V.  testing  was 
compounded  by  the  50°C  test  temperature,  which  is  almost 
30°C  hotter  than  the  average  temperature  for  southern 
Arizona  and  40°C  hotter  than  for  northern  Europe.  Black 
surfaces,  however,  can  easily  reach  this  temperature  in  the 
southern  U.S. 

In  comparison  to  heat  aging,  where  physical  changes  occur 
more  uniformly  throughout  the  material,  UV  aging 
localizes  most  of  the  damage  to  the  surface  of  the  material. 
The  effects  of  UV  on  the  surface  properties  are  far  more 
significant  than  the  effects  of  either  heat  or  UV  on  the  bulk 
properties  of  the  jacket  material.  Since  the  surface 
properties  of  the  material  are  far  more  important  for 
determining  the  overall  electrical  properties  of  the  cable, 
surface  measurements  are  far  more  useful  in  determining 
material  robustness  relative  to  real-world  weathering 
effects. 


Table  5:  Adhesion  Tension  Measurement  Results. 


Adhesion  Tension  (dyne/cm) 

Cable  A 

Cable  B 

Cable  C 

Cable  D 

Virgin 

6.3 

13.8 

19.4 

2.5 

Heat  Aged 

12.6 

20.7 

25.9 

9.5 

UV  aged 

42.6 

29.5 

29.5 

30.0 

Polluted 

29.5 

31.8 

31.8 

30.6 

Aged  and 
Polluted 

41.6 

45.6 

45.6 

30.6 
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Table  6:  Change  in  Adhesion  Tension  Due  to  UV 
Aging  and  Pollution. _ 


Change  in  Adhesion  Tension 

Cable  A 

Cable  B 

Cable  C 

Cable  D 

Heat  aging 

6.3 

6.9 

6.5 

7.0 

UV  aging 

36.3 

15.7 

10.1 

27.5 

Pollution 

23.2 

18.0 

12.4 

28.1 

Heat  aging  + 
pollution 

35.3 

31.8 

26.2 

28.1 

Results  of  Salt  Fog  Testing 

Table  7  summarizes  the  results  of  the  salt  fog  testing 
carried  out  in  accordance  with  IEEE  PI 222  Draft  1997 
Annex  A.  This  is  a  pass/fail  test  method  where  very  little 
can  be  drawn  from  the  results,  other  than  the  fact  that  Cable 


A,  a  with  a  standard  HDPE  outer  jacket  fails  in  short  order 
under  the  harsh  conditions  and  30  kV. 


Table  7:  IEEE  P1222  Draft  1997  Annex  A  Salt  Fog 
Test  Results.  _ 


Cable  A 

Cable  B 

Cable  C 

Cable  D 

Virgin 

Fail 
(1.6  h) 

Pass 

Pass 

N/A 

Heat  Aging 

N/A 

Pass 

Pass 

N/A 

Results  of  Accelerated  Electrical  Testing 

The  accelerated  electrical  testing  resulted  in  a  ranking  of 
the  four  cables  that  were  tested.  Cable  B  performed  the  best 
followed  by  Cables  C,  D  and  A  respectfully. 


Figure  8:  Contact  Angle  Measurements  of  Virgin,  Aged,  and  Polluted  Cable  Samples. 


Cable  A  -  Virgin 
0=  85° 

ASlv  =  6.3  dyne/cm 


b/1 — 


Cable  A -UV  aged. 

0  =  54° 

Aslv  =  42.6  dyne/cm 


Cable  A  -  Aged  and  polluted 
0  =  55° 

Aslv  =  41.6  dyne/cm 


Cable  B  -  Virgin 
0=  79° 

ASlv  =  13.8  dyne/cm 


Cable  B-UV  aged. 
0  =  66° 

Aslv  =  29.5  dyne/cm 


Cable  B  -  Aged  and  polluted 
0  =  51° 

Aslv  =  45.6  dyne/cm 


Cable  C  -  Virgin. 

0  =  75° 

Aslv  =  19.4  dyne/cm 


Cable  C-UV  aged. 

0  =  66° 

ASlv  =  29.5  dyne/cm 


Cable  C  -  Aged  and  polluted 
0  =  51° 

ASlv  =  45.6  dyne/cm 


Cable  D  -  Virgin 
0=  88° 

ASlv  =  2.5  dyne/cm 


Cable  D-UV  aged. 
0  =  65° 

ASlv  =  30.6  dyne/cm 


Cable  D  -  Aged  and  polluted. 
0  =65° 

Aslv  =  30.6  dyne/cm 
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Figures  9,  10,  and  11  are  representative  plots  of  IMSQ  vs. 
Time  of  a  wet  and  dry  cycle  from  the  accelerated  electrical 
testing  performed  at  the  ASU  Electrical  Engineering 
Department  laboratory.  Figure  9  shows  current  on  a  virgin 
cable  rising  dramatically  then  stabilizing  at  a  constant  value 
that  indicates  the  cable  is  fully  saturated  with  water.  The 
current  then  remains  level  afterward  for  a  short  period  after 
the  spray  is  turned  off,  then  becomes  somewhat  erratic  for  a 
short  period  indicating  dry  band  arcing  activity.  However, 
the  current  then  quickly  falls  off  indicating  a  cessation  of 
the  arcing.  This  is  a  key  indication  that  the  virgin  cables 
indeed  show  a  high  level  of  hydrophobicity. 


Cable  B  -  Virgin 


Figure  9:  IMSQ  vs.  Time  plot  of  Cable  B  -  Virgin 

In  contrast,  Figure  10  shows  that  in  an  aged  cable,  the 
current  rises  dramatically  and  somewhat  sooner  than  the 
virgin  cable,  but  then  becomes  erratic  and  never  levels  or 
drops  off  indicating  a  prolonged  arcing  period.  This  yields 
the  conclusion  that  UV  and  Temperature  /  Humidity  aging 
facilitates  a  more  hydrophilic  surface  in  which  dry  band 
arcing  occurs  sooner  and  lasts  longer. 


Cable  B  -  UV  Aged  +  Temp/Humidity  Aged 


Figure  10:  IMSQ  plot  of  Cable  B  -  UV  Aged  and 
Temp/Humidity  Aged. 


kV,  a  threshold  value  used  by  some  cable  manufacturers 
for  their  standard  jacket  material. 


Cable  A  -  UV  Aged  +  Temp/Humidity  Aged 

1.00E-05 

8.00E-06 

<!  6.00E-06 
O 

|  4.00E-06 
2.00E-06 

0.00E+00 
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Figure  1 1 :  IMSQ  plot  of  Cable  A  -  Virgin. 
CONCLUSIONS 

Aging  and  pollution  effects  have  been  shown  to 
significantly  alter  surface  properties  of  ADSS  cable  jacket 
materials  representative  of  a  variety  of  materials  used 
throughout  the  industry.  These  changes  in  surface 
properties  have  been  correlated  to  significant  differences  in 
electrical  test  results  simulating  dry-band  arcing.  Based  on 
a  combination  of  surface  property  measurements  and 
electrical  test  results  on  a  variety  of  aged  and  unaged  cable 
materials  in  this  and  previous  studies,  it  is  recommended 
that  jacket  material  selection  and  installation  guidelines  be 
determined  by  electrical  test  data  from  aged  cable  samples. 
Installation  guidelines  using  test  data  from  aged  cable 
samples  will  be  more  accurate  for  normal  service  life 
regardless  of  the  type  of  jacketing  material  used.  The  use  of 
aged  cable  data  will  ensure  cable  system  robustness  even  if 
a  combination  of  environmental  and  electrical  factors  act  in 
combination.  Guidelines  for  installation  made  without 
taking  aging  and  pollution  effects  into  account  will  not 
accurately  assess  the  risk  of  system  failure.  Finally  regional 
climatological  factors  should  be  an  integral  part  of  deciding 
where  to  place  ADSS  in  the  high  voltage  power  system. 
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ABSTRACT 

This  paper  summarizes  the  development  of 
ECO-OPTICAL  FIBER  CORD  (  Ecological  Optical 
Fiber  Cord  )  by  using  polyamide  compound  with  flame 
retardant  additives  for  fiber  jacket  and  halogen  free, 
flame  retardant  poly-olefine  (  HF  FR-PE  )  for  cord 
jacket. 

The  comprehensive  testing  of  the  developed  cord  has 
revealed  superior  performance  in  mechanical  and  flame 
retardant  characteristics  as  well  as  sufficient  flexibility. 

INTRODUCTION 

In  recent  years,  the  prevalence  of  high-speed  LAN 
systems  in  business  and  residential  areas  has  been 
pushing  the  installation  of  various  types  of  optical  fiber 
cord  in  the  office,  home  and  inside  the  building. 

PVC  has  been  the  most  popular  jacketing  material  for 
optical  fiber  cord,  due  to  its  frame  retardant,  flexibility, 
superior  mechanical  performance  and  easy  coloring. 
However,  as  harmful  gas  like  dioxin  generated  from 
burnt  PVC  and  lead  compound  included  in  PVC 
stabilizer  turned  lately  out  to  affect  adversely  earth 
environments,  social  requirements  arise  to  replace  PVC 
with  poly-olefin  materials  (PE). 

We  developed  ECO-OPTICAL  FIBER  CORD 
(Ecological  Optical  Fiber  Cord)  by  using  polyamide 
compound  with  flame  retardant  additives  and  halogen 
free  FR-PE  (HF  FR-PE),  which  revealed  superior 
performance  in  mechanical  and  environmental 
characteristics. 

Optical  fiber  cord  structure 

ECO-OPTICAL  FIBER  CORD 

ECO-OPTICAL  FIBER  CORD  is  shown  in  Fig.l,  Fig.2 
and  Table  1,  respectively,  for  its  view,  sectional 
structure  and  specification. 

ECO-OPTICAL  FIBER  CORD  is  featured  by  the 
combination  of  HF  FR-PE  cord  jacket  and  flame 
retardant  polyamide  fiber  jacket. 


Figl  ECO-OPTICAL  FIBER  CORD 

HF  FR-PE 

Strength 
member 

Flame  retardants 
polyamide  jacket 
Optical  fiber 


Fig2  Sectional  structure 

(ECO-OPTICAL  FIBER  CORD ) 


Table  1  ECO-OPTICAL  FIBER  CORD 
_ specifications _ 


Contents 

Specifications 

Poly 

amide 

jacket 

fiber 

Optical 

fiber 

Fiber  type 

SMForGI 

Coat  resin 

Heat  cured  silicone  resin 

Diameter 

<t>0.4mm 

Fiber 

jacket 

Material 

Polyamide  with  frame 
retardants 

Diameter 

(t>0. 9mm 

Dielectric 

strength 

member 

Material 

Poly  aramid  fiber 

Cord  jacket 

Material 

Halogen  free  FR-PE 

Diameter 

<|)2.0mm  (J)2.8mm 
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Design  of  ECO-OPTICAL  FIBER  CORD  jacket 

We  have  set  the  requirements  for  designing 
ECO-OPTICAL  FIBER  CORD  as  follows: 

(a)  Flame  retardant  :  Self-extinction  within  60  sec 
( According  to  JIS  C  3005  INCLINED  TEST  ) 

(b)  Smoking  density  :  Ds  =  less  than  150  (  at  only  cord 
jacket)  (  According  to  JCS  No.397A  Section 
No. 5 ) 

(c)  Generated  gas  acidity  :  PH  =  more  than  3.5  (  at  only 
cord  jacket)  (  According  to  JCS  No.397A  Section 
No. 7 ) 

(d)  Materials  to  be  used  should  be  Halogen  free  and  lead 
compound  free. 

(e)  Superior  performance  in  mechanical  characteristics 

(f)  Good  flexibility 

(g)  Easy  coloring 

(h)  No  dioxin  should  be  generated  from  burnt  PVC. 

The  flexibility  of  optical  fiber  cord  is  mainly  affected  by 
the  hardness  of  the  jacketing  material  so  that  we 
examined  various  types  of  HF  FR-PE,  which  normally 
have  trade-off  relationships  with  flame  retardant 
performance. 

We  chose  one  desirable  material,  which  has  sufficient 
softness  close  to  that  of  PVC  and  rather  high  oxygen 
index,  the  specification  of  which  is  shown  in  Table  2. 


Study  of  polyamide  jacket  with  Frame  Retardant 

The  use  of  this  HF  FR-PE  as  cord  jacket,  however,  may 
cause  the  degradation  of  flame  retardant  performance  of 
optical  fiber  cord,  so  that  we  considered  its  enhancement 
by  adding  flame  retardant  additives  to  polyamide  fiber 
jacketing. 

We  chose  amino-triazine  compound  as  frame  retardant 
additives  for  polyamide  jacket,  by  putting  it  in  the  form  of 
master  batch  (MB  :  60  wt%)  to  polyamide  resin. 

Various  types  of  trials  were  prepared  by  changing  the 
ratio  of  flame  retardant  additives  in  the  master  batch  ;  0, 
20, 40,  60  wt%. 

The  outer  diameter  of  the  fiber  jacket  was  0.9  mm  for  all 
of  the  trials. 

ECO-OPTICAL  FIBER  CORD  test 
Mechanical  test 

According  to  JIS  C  6830,  we  examined  mechanical 
test  at  wavelengh  of  1 3 1  Onm. 

Table  3  shows  mechanical  performance  of 
ECO-OPTICAL  FIBER  CORD  ,  no  optical  transmission 
loss  and  no  damage  to  the  cord  jacket  in  various 
mechanical  tests. 

Temperature  cycling  test 

We  examined  optical  transmission  loss  at  wavelengh  of 
131  Onm  by  3  times  cycling  thetemperature  in  the  range 
of  between  -10  degree  C  and  +40  degree  C. 


Table  2  Material  property  of  ECO- 
OPTICAL  FIBER  CORD  jacket 


Property 

unit 

F  HF  FR-PE 

Density 

g/cm3 

1.55 

MFR  *1 

g/IOmin 

0.1 

Tensile  Strength 

MPa 

13.5 

Elon 

gation 

% 

210 

Aging 

*2 

TS 

MPa 

11.9 

El 

% 

170 

Oxygen  index 

- 

39 

Smoke  density 

Ds 

120 

Generated  gas 
acidity 

PH 

4.2 

Brittleness 

Temperature 

Degree 

C 

<45 

*1  :  230deg  C  *2:1  OOdeg  C  -  48hours 


Table  3  Mechanical  performance  of 


ECO-OPTICAL  CORD 


Contents 

Test  condition 

Result 

Tensile 

Loading 

Tension:60N  t()2.0mm 
Tension:80N  c(>2.8mm 
time  :  5min 

no  loss  variation 
( O.OOdB ) 
and 

no  damage  of 
Jacket 

Compressive 

Loading 

Term  load :  5N/mm 

Time  :  Imin 

Repeated 

Impact 

Testing 

Hammer  weight  :100g 
Hammer  height :  1m 
Striking  surface 
diameter :  25mm  at  3cycle 

Cord  Cyclic 
Flex  test 

Bend  diameter :  50mm 
lOOOcycles  ,  Tension:20N 

Cord  Bend 
test 

Wind  diameter :  50mm 

6  turn  ,  10  cycle 

Twist  Test 

Sample  length  :  250mm 
Tensile  load  :  2kg  ,  20  cycle 
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Optical  transmission  loss  (dB/  km) 


Fig  3  shows  temperature  performance  of  ECO- 
OPTICAL  FIBER  CORD  ,  optical  transmission  loss 
variation  less  than  0.02  dB/km  in  the  range  of  between 
-10  degree  C  and  +40  degree  C 


Table  4  Material  property  of  ECO- 
OPTICAL  FIBER  CORD  jacket 


Contents 

Specification 

Result 

Tensile  strength 

more  than  lOMPa 

13.8MPa 

Elonc 

jation 

more  than  200% 

222% 

Aging 

*1 

TS 

Retained 
more  than  80% 

102% 

El 

Retained 
more  than  80% 

83% 

Shrink 

back  *2 

Within  10% 

2.6% 

*1:1  OOdeg  C  -  48hours  *2  :  1 0Odeg  C  -  1  hours 


respectively,  both  of  which  using  jacket  material  as 
shown  in  Table  2  and  flame  retardant  polyamide  fiber 
jacket. 


0  20  40  60  80  H 

Time  (hour) 

Fig  3  Temperature  performance 


The  tests  were  done  in  accordance  with  JIS  C  3005 
Incline  Test ,  as  shown  in  Fig  4. 

Test  results  are  shown  in  Table  5,  together  with  the 
pictures  of  burning  pattern  for  Samples  A  and  D  shown 
in  Fig  6. 


Material  property  of  ECO-OPTICAL  FIBER 
CORD  jacket 

According  to  JIS  C  6830  ,  we  examined  Material  property 
of  ECO-OPTICAL  FIBER  CORD  jacket.  We  used 
cylindrical  sample  of  the  cord  jacket. 

Table  4  shows  cord  jacket ,  revealing  high  performance  to 
satisfy  specification  to  the  cord  jacket  in  various  material 
tests. 

Flame  retardant  test  of  ECO-OPTICAL  FIBER 
CORD 

We  prepared  two  types  of  ECO-OPTICAL  FIBER  CORD, 
which  have  outer  diameter  of  2.0  mm  and  2.8  mm 


Table  5  JIS  C  3005  incline  test  result 


Sample 

Fiber  jacket 

(Concentration  of  flame 
retardants  M.B) 

Cord  jacl 
FR- 

<et :  HF 
PE 

<j)2.0 

mm 

<|>2.8 

mm 

A 

Polyamide 
( 0  wt%) 

Failure 

Failure 

B 

Polyamide 
( 20  wt%) 

Failure 

Failure 

C 

Polyamide 
( 40  wt%) 

Failure 

Failure 

D 

Polyamide 
( 60  wt%) 

Pass 

Pass 

Fig  4  Test  method  (JIS  C  3005  incline  test ) 
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Sample  A  :  The  flame,  after  ignition,  gradually  became 
smaller  due  to  flame  retardant  effect  of  HF  FR-PE,  but, 
reached  finally  to  the  upper  end. 

Samples  B  and  C  :  The  flame  reached  to  the  upper  end 


(a)  Immediately  after  ignition 


in  both  samples,  but,  the  size  of  flame  became  smaller 
than  Sample  A. 

Sample  D  :  The  flame  self-extinguished  within  60 
seconds  after  ignition,  passing  the  flame  retardant  test 
JIS  C  3005  Incline  Test. 


(d)  40  sec  after  ignition 


(b)  10  sec  after  ignition  (e)  180  sec  after  ignition 


(c)  30  sec  after  ignition 
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FIBER  CORD 


350 


Proceedings  of  the  49th 


Discussion 

We  have  found  that  the  samples  showed  different 
burning  patterns  depending  on  the  ratio  of  flame 
retardant  additives  in  polyamide  resin. 

The  heat  decomposition  process  of  amid-triazine, 
generally ,  is  described  as  shown  in  Fig  7. 


When  amino-triazine  compound  is  burnt,  low  hostile, 
nonflammable  gas  like  carbon  dioxide  and  ammonia  will 
be  generated  by  the  heat  decomposition.  The  more  the 
compound,  the  more  the  amount  of  gas. 

We  consider  that  when  the  amount  of  these 
nonflammable  gasses  is  sufficient  enough,  the  gasses 
will  fill  the  interstices  inside  the  cord,  keeping  oxygen 
away  from  flame,  so  as  to  make  the  flame 
self-extinguished. 


Conclusion 

We  have  researched  HF  FR-PE,  flame  retardant 
polyamide  and  their  combination,  and  examined  them 
on  its  frame  retardant  performance  (JIS  C  3005  Incline 
Test). 

That  study  has  revealed  that  appropriate  combination  of 
type  and  contents  of  flame  retardant  additives  in 
polyamide  jacketing  is  important  for  the  flame  retardant 
performance  of  optical  fiber  cord  with  HF  FR-PE  jacket. 

The  newly  developed  ECO-OPTICAL  FIBER  CORD, 
which  consists  of  halogen  free  and  lead  compound  free 
materials,  has  shown  not  only  high  performance  in  flame 
retardant  and  mechanical  characteristics  but  also 
sufficient  flexibility  similar  to  the  conventional  PVC 
jacketed  optical  fiber  cord. 
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This  paper  describes  ultrasonic,  non-destructive  evaluation  (NDE) 
techniques  for  the  inspection  of  composite  rods,  which  are  used  as 
a  central  strength  member  in  optical  fiber  cable  constructions 
Failure  of  a  strength  member  can  lead  to  loss  in  the  signal 
carrying  capability  of  the  fiber  optic  cable.  The  purpose  of  this 
research  is  to  use  on-line,  ultrasonic  NDE  to  inspect  the 
composite  strength  member  for  defects  during  the  production 
process  so  that  they  can  be  repaired  or  removed.  Two  ultrasonic 
inspection  techniques  were  evaluated:  through-transmission 
immersion  inspection  and  rolling  contact  bulk  wave  analysis. 
Both  techniques  were  expected  to  be  capable  of  discerning  gross 
defects  such  as  delaminations.  However,  the  velocity 
measurements  obtained  in  the  bulk  wave  analysis  were  also  able 
to  detect  changes  in  the  materials’  mechanical  stiffness.  The  study 
includes  work  that  was  performed  both  off-line  m  a  post¬ 
processing  application,  and  in-line  during  simulated  and  actual 
composite  rod  production. 
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1.  Introduction 

Fiber  optic  cables  are  designed  for  many  different  applications, 
from  trans-oceanic  to  plenum  and  breakout  designs.  There  are 
myriad  designs  to  address  the  specific  needs  of  each  application. 
The  primary  purpose  of  the  cable  is  to  house  and  protect  the 
optical  fiber  from  end  to  end.  It  must  keep  the  fibers  safe  from 
environmental,  physical,  and  chemical  damage.  In  general,  there 
are  strength  members  built  into  the  cable  in  order  to  protect  the 
fiber  from  the  damage  associated  with  laying,  cornering,  and 
similar  actions  that  can  cause  stress  and  strain.  One  of  the  most 
common  elements  used  in  this  function  is  a  Central  Strengt 
Member. 

The  Central  Strength  Member  (CSM)  is  the  backbone  of  a  fiber 
optic  cable.  Central  Strength  Members  can  be  made  of  many 
materials,  including  fiberglass  composite  rods.  These  products 
provide  flexural  stiffness  to  protect  against  buckling  of  the  cable 
during  installation.  They  also  impart  excellent  dimensional 
stability  owing  to  their  consistent  diameter  and  shape.  High 
tensile  modulus  in  the  CSM  carries  the  stresses  that  may  be  placed 
on  the  fiber  optic  cable  if  the  cable  is  designed  properly.  Any 
failure  of  the  CSM  will  lead  to  problems  either  in  cable 
construction,  or  in  the  ability  of  the  cable  to  transmit  a  signal. 


Furthermore,  the  cost  of  the  CSM  is  a  very  small  portion  of  the 
total  cable  cost.  It  is  very  important  to  detect  and  correct  any 
problems  with  the  CSM  before  it  reaches  a  cable  manufacturer 
The  most  common  defect  with  this  product  is  split  rod.  Split  ro 
occurs  when  a  point  defect,  such  as  a  clump  of  broken  glass 
filaments,  is  entrapped  in  the  rod.  The  rod,  being  of  unidirectional 
design,  can  only  rely  on  the  strength  of  the  fiber  to  matrix  bond 
strength  to  hold  it  together  in  the  direction  perpendicular  to  the 
fibers.  When  a  defect  causes  a  large  enough  stress  concentration 
to  overcome  the  fiber  to  matrix  bond  strength,  the  rod  can  split,  as 
shown  in  Figure  1. 


Figure  1 .  Micrograph  of  Split  Rod  Defect 


The  CSM  is  manufactured  using  the  pultrusion  process.  In  a 
typical  pultrusion  process,  the  fibers  are  supplied  from  several 
packages  of  material  mounted  on  a  creel.  The  fibers  feed  through 
a  tensioning  device  and  into  a  dip  tank  containing  the  polymer 
resin.  The  fibers,  which  are  wet  out  with  the  resin,  then  go  into  a 
die  where  they  are  formed  into  the  finished  cross  section.  The 
forming  die  typically  is  heated  to  initiate  the  curing  reaction  in  the 
polymer.  The  material  that  exits  the  die  is  then  cut  into  sections 
or  in  the  case  of  CSM,  wound  onto  spools  for  shipment.  This 
process  lends  itself  nicely  to  in-line  inspection,  because  a 
correctly  located  inspection  station  can  provide  100%  inspection 
of  the  product  on-line. 

2.  Ultrasonic  Inspection 

Ultrasonics  offer  an  opportunity  to  examine  the  mechanical 
integrity  and  surface  quality  of  the  rod  without  mechanically 
straining  the  rod.  The  idea  is  to  send  an  ultrasonic  wave  through 
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the  rod  in  a  pitch/catch  type  arrangement.  The  received  signal  can 
be  analyzed  for  velocity  to  determine  if  there  are  any  changes  in 
modulus,  and  attenuation  to  determine  if  there  are  any  defects  or 
delamination  present.  This  type  of  inspection  is  not  completely 
new,  but  applications  to  inspect  pultruded  parts  during  the 
manufacturing  cycle  are  rare. 

Ultrasonic  inspection  techniques  have  been  used  to  inspect 
pultruded  parts  successfully.  In  1993,  Fecko  et  al.  [1]  used  an 
acousto-ultrasonic  technique  to  detect  porosity  in  a  unidirectional 
pultruded  rod  of  rectangular  cross-section.  The  same  pultrusion 
process  was  later  inspected  using  the  ultrasonic  velocity  of  plate 
waves  [2].  On-line  inspection  of  pultruded  composites  for  the 
aircraft  industry  has  also  been  accomplished  using  more 
traditional  pulse-echo  techniques  [3].  The  primary  goal  of  the 
aircraft  inspection  application  was  to  find  porosity  and  resin 
starved  areas  in  the  composite.  In  another  recent  application, 
bridge  decks  planned  for  the  University  of  New  Mexico  were 
inspected  off-line  using  the  velocity  of  ultrasonic  waves  traveling 
in  specific  directions  [4].  These  velocities  were  used  to  determine 
the  elastic  modulus  of  the  composite,  which  were  then  used  to 
check  the  bridge  design  using  a  finite  element  code.  These  recent 
applications  suggest  that  ultrasonic  evaluation  may  be  applicable 
to  the  in-process  inspection  of  the  CSM. 

The  velocity  of  an  ultrasonic  wave  in  a  material  is  a  function  of  its 
density  and  modulus.  For  homogeneous  bulk  materials,  the  speed 
of  a  longitudinal  wave  is  given  by  Equation  1 . 

V  =  (E/p)A0.5  (1) 

Thus,  a  change  in  velocity  signifies  either  a  change  in  modulus,  or 
in  density,  or  both.  This  signal  is  very  useful  for  process  control, 
as  it  signifies  the  glass  content  in  the  composite.  Varying  glass 
content  will  effect  both  the  density  of  the  rod,  and  it’s  modulus. 

The  strength  of  an  ultrasonic  pulse  in  the  pitch/catch  arrangement 
is  based  on  the  power  of  the  sending  transducer,  the  sensitivity  of 
the  receiving  transducer,  the  distance  over  which  the  pulse  travels, 
and  the  number  and  type  of  boundaries  that  the  pulse  travels 
through.  All  of  these  variables,  with  the  exception  of  the  last  one, 
are  generally  held  fixed.  A  typical  ultrasonic  pulse  travels  through 
two  boundaries  in  a  pitch  catch  arrangement,  one  when  the  pulse 
enters  the  sample  and  one  when  it  leaves  the  sample.  The 
acoustical  impedance  of  the  materials  determines  the  amount  of 
transmission  from  one  side  of  an  interface  to  the  other.  The 
greater  the  difference  in  acoustic  impedance,  the  more  reflection 
will  occur,  and  less  transmission.  Once  again,  if  the  sample  is 
homogeneous,  and  the  transducers  are  held  in  a  fixed  location,  the 
signal  intensity  will  not  change.  However,  when  there  is  a  change 
in  the  sample,  the  intensity  will  change.  For  example,  if  there  is  a 
delamination,  the  sound  will  have  2  additional  interfaces  to  travel 
through,  one  into,  and  one  out  of  the  delamination.  Thus  the 
amplitude  of  the  transmitted  signal  contains  information  about  the 
presence  or  absence  of  defects  in  the  sample. 

Another  technique,  acousto-ultrasound  (AU),  can  be  used  to 
excite  and  detect  Lamb  waves  in  laminated  composite  materials. 
A  unique  feature  of  the  Lamb  wave  is  the  dispersive  nature  of  the 
wave  propagation.  The  speed  of  sound  depends  not  only  on  the 
material  modulus  but  also  on  the  propagation  frequency. 


Tang  et  al.  [5]  summarizes  the  results  of  the  "higher  order  plate 
theory"  for  the  flexural  mode.  The  calculation  of  the  dispersion 
dependency  is  based  on  plate  stress-strain  relationship  in  a 
laminate  and  thus,  can  be  applied  to  any  composite.  Also  the 
solution  (often  called  the  characteristic  wave  equation)  is  in  not 
invertable,  simple  optimization  schemes  can  enable  the 
calculation  of  the  material  properties. 

The  characteristic  wave  equation  for  an  orthotropic  laminate 
(Equation  2)  depends  on  wave  number  k=co/v  (frequency, 
velocity),  material  properties  (extensional  stiffness  A55,  bending 
stiffness  Dn,  and  density  p)  and  the  laminate  thickness  (h). 


Dnk2  +A55  -^pco2jA55k2  -  phco2)-  A25k2  =  0  (2) 

Especially  for  the  upper  and  lower  bounds  of  the  lamb  wave 
frequency,  Equation  2  simplifies  to 


v(co  0)  = 


C 0 _ 


[A, 

ph 


(3) 


v(ct)->°°)=  (4) 

V  Ph 

For  the  intermediate  frequencies,  the  phase  velocity  v(f,  Dn,A55) 
is  a  function  of  both  Dn  and  A55.  Figure  2  shows  the  theoretical 
obtained  dispersion  curve  for  the  composite  rod  with  model  input 
values  of  Du=l  14  Nm,  A55=1.4xl07N/m,  p=2100  kg/m3,  and  h=3 


Theoretical  Dispersion  Curve  for  Pultruded  Material 


0  200000  400000  600000  800000  1000000  1200000 
Frequency  [Hz] 


Figure  2:  Theoretical  obtained  Dispersion  Curve 
2.1  Experimental 

Two  primary  means  of  ultrasonic  analysis  were  examined; 
immersion  and  rolling  contact.  The  immersion  system  was 
designed  to  send  an  ultrasonic  pulse  through  the  rod  in  a  direction 
perpendicular  to  the  fiber.  The  rolling  contact  arrangement  was 
designed  to  send  an  ultrasonic  pulse  along  the  length  of  the  rod, 
parallel  to  the  fiber  direction.  Each  system  had  its  advantages  and 
weaknesses,  and  these  will  be  discussed  next. 


International  Wire  &  Cable  Symposium 


353 


Proceedings  of  the  49th 


2. 1. 1  Immersion  testing 

Ultrasonic  inspection  using  two  immersed  transducers  was 
investigated.  Two  Krautkramer  5  MHz  unfocussed  immersion 
transducers  were  mounted  on  either  side  of  a  stainless  steel  test 
fixture  (Figure  3).  There  was  a  hole  in  the  center  of  the  test  fixture 
for  the  composite  rod  to  go  through.  The  test  fixture  was  flooded 
with  water,  and  an  ultrasonic  pulse  was  sent.  The  pulse  was 
generated  using  a  Krautkramer  USPC  2100  Ultrasonic  Instrument. 
The  signal  was  generated  with  a  250-volt  spike  pulse  at  a 
repetition  rate  of  1 0  kHz.  The  receiving  signal  sensitivity  was  set 
between  40  and  60  dB  gain.  A  gate  was  set  at  an  appropriate  level 
to  detect  the  split  rod  defect. 


Figure  3.  Ultrasonic  Immersion  Test  Fixture 


The  split  rod  defect  is  a  form  of  delamination  of  the  composite 
rod.  It  causes  the  ultrasonic  signal  to  travel  through  more 
interfaces,  thus  decreasing  the  signal  amplitude.  When  the  signal 
dropped  below  the  gate  level,  an  alarm  was  triggered. 

A  small  2.3mm  rod  was  used  for  the  trial,  as  it  was  expected  to  be 
more  difficult  to  inspect  the  smallest  diameter  rods  using  this 
technique.  Defects  were  induced  using  a  utility  knife,  slitting  the 
rod  at  various  angles  and  lengths  to  simulate  the  split  rod  defect. 
The  only  time  that  the  splits  were  not  detected  were  when  they 
were  positioned  in  the  same  plane  as  the  transducers.  For  this 
reason,  a  second  set  of  transducers  was  positioned  at  90  degrees 
from  the  first  set.  These  initial  attempts  at  performing  this 
inspection  on-line  were  very  successful  at  slow  speeds,  but  as  the 
line  increased  to  production  speeds,  the  signal  intensity  became 
varied.  The  variation  was  a  result  of  several  causes.  One  cause 
was  slight  movement  of  the  sample  up  or  down,  which  changed 
the  path  of  the  ultrasonic  wave  from  going  through  the  rod,  to 
traveling  around  the  rod.  This  would  cause  a  large  increase  in  the 
amplitude.  To  correct  for  the  movement  of  the  rod,  focussed 
paintbrush  type  transducers  were  used.  These  transducers  focus 
the  ultrasonic  beam  onto  the  rod  and  do  not  allow  the  signal  to 
bypass  the  sample  (Figure  4). 


Figure  4.  Focussed  Paintbrush  Transducer 


When  this  type  of  transducer  was  used  in  a  through-transmission 
mode,  the  system  was  quite  capable  of  picking  up  defects  at  both 
the  low  and  high  speeds.  However,  this  method  does  not  give  any 
information  about  the  modulus  or  density  of  the  composite. 

2.1.2  Rolling  Contact  Testing 

A  second  type  of  ultrasonic  testing  was  evaluated  using 
transducers  that  coupled  to  the  CSM  via  a  rolling  elastomeric 
layer.  These  transducers  were  positioned  50mm  (approximately  2 
inches)  apart  in  the  fiber  direction,  so  that  the  ultrasonic  wave 
traveled  along  the  fiber  direction,  as  opposed  to  the  immersion 
testing  where  the  ultrasonic  wave  traveled  perpendicular  to  the 
fiber  direction.  The  reason  for  this  arrangement  was  two-fold. 
First,  by  sending  the  wave  through  a  longer  distance  in  the  CSM, 
more  material  can  be  inspected  with  a  single  pulse.  Secondly,  this 
type  of  arrangement  allows  one  to  measure  the  ultrasonic  velocity 
in  addition  to  the  attenuation.  The  attenuation  will  yield 
information  about  the  presence  or  absence  of  defects  between  the 
transducers.  And  the  velocity  will  yield  information  about  the 
physical  properties  (modulus  and  density)  of  the  composite. 

A  photograph  of  the  test  fixture  is  shown  below  in  Figure  5.  In 
this  figure,  the  transducers  are  fixed  in-between  two  guide  wheels. 
The  guide  wheels  help  keep  the  CSM  in  the  center  of  the  rolling 
contact  transducers,  and  allow  a  fixed  pressure  to  be  applied  for 
consistent  coupling. 


Figure  5.  Rolling  Contact  Test  Fixture. 
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The  ultrasonic  wave  propagated  in  this  arrangement  is  similar  to  a 
Lamb  wave  that  travels  in  a  plate.  It  will  have  coupled  shear  and 
longitudinal  components.  The  rolling  contact  arrangement  was 
used  to  inspect  a  3.0mm  diameter  sample  of  CSM.  The  rod  was 
first  examined  off-line  after  production.  However,  in  subsequent 
trials  the  inspection  was  applied  on-line  during  the  manufacture  of 
the  CSM.  A  typical  signal  trace  of  the  ultrasonic  pulse  after 
traveling  through  the  composite  is  shown  in  Figure  6. 


Figure  6.  Typical  Ultrasonic  Signal 


In  this  trace,  one  can  see  three  distinct  portions;  first  a  fast 
traveling  low  amplitude  signal,  followed  by  a  slower,  high 
amplitude  portion,  and  finally  a  low  amplitude  “ringing”  portion. 
The  fast  signal  appears  to  have  the  most  longitudinal  character.  A 
longitudinal  wave  is  the  fastest  wave  in  this  case.  It’s  speed  and 
amplitude  are  influenced  by  the  glass  content  in  the  composite, 
and  it  is  expected  to  be  relatively  insulated  from  defects  such  as 
splits  oriented  along  the  fiber  direction  in  the  rod.  The  higher 
amplitude  middle  section  is  the  portion  of  the  signal  that  appears 
to  hold  the  most  promise  as  an  inspection  signal  for  split  rod. 
When  the  rod  is  damped  in-between  the  transducers  by  pinching  it 
with  one’s  fingers,  this  signal  is  eliminated. 

The  high  amplitude  signal  was  analyzed  for  velocity  on  a  set  of  1 8 
samples  tested  off-line.  The  velocity  of  each  sample  was  measured 
using  the  arrival  time  of  the  largest  peak  and  the  distance 
separating  the  two  transducers  as  a  fixed  distance.  These  samples 
were  then  examined  to  determine  the  glass  content.  Recall  from 
Equation  2  that  the  velocity  of  an  AU  ultrasonic  wave  is  related  to 
its  physical  properties.  The  velocities  as  a  function  of  glass 
content  are  given  below  in  Figure  7.  The  correlation  between 
ultrasonic  velocity  and  glass  content  is  a  direct  result  of  an 
increase  in  the  elastic  modulus  and  density  as  the  glass  content  of 
the  composite  rises. 

To  calculate  the  theoretical  effect  of  density  and  modulus  change, 
Equation  2  was  used  to  calculate  the  speed  of  sound  variation  at  a 
frequency  of  1  MHz,  the  approximate  center  frequency  of  the 
contact  transducers.  The  speed  of  propagation  as  a  function  of  the 
modulus  and  density  is  shown  in  Figure  8. 


Figure  7.  Ultrasonic  Velocities  vs.  Glass  Content 


Figure  8:  Sensitivity  Analysis  of  AU-Velocity 

It  can  be  clearly  seen  that  the  speed  of  sound  is  not  sensitive  to  a 
Dn  stiffness  shift.  This  is  due  to  the  high  transducer  center 
frequency  of  1MHz  which  is  near  the  upper  frequency  bound 
(Figure  3)  and  thus  Equation  4  can  be  applied.  Density  and  A55 
have  an  inverse  effect  on  velocity  change,  an  increase  in  density 
decreases  the  speed  of  sound  whereas  an  increase  in  A55  increases 
the  speed  of  sound.  Overall  the  decrease  in  experimentally 
obtained  AU-velocity  from  the  highest  material  density  to  the 
lowest  given  in  Figure  7  (3%  change)  is  approximately  5%.  The 
density  reduction  for  lower  fiber  volume  fractions  increases  the 
AU-speed  by  approximately  2%.  Thus,  the  dominating  effect  must 
be  associated  with  a  decrease  in  stiffness.  Applying  Equation  4  to 
a  5%  velocity  decrease  (incorporating  the  decrease  in  material 
density),  the  stiffness  reduction  in  A55  can  be  calculated  to  be 
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24%  from  the  highest  fiber  weight  fraction  to  the  lowest  fiber 
weight  fraction  in  Figure  7. 

To  examine  the  effect  of  more  severe  defects  on  the  propagation 
of  the  bulk  waves,  several  “split  rod”  type  defects  were  induced 
using  a  utility  knife  and  bending  the  sample.  These  defects  caused 
the  signal  amplitude  to  decrease  and  often  to  shift  to  a  later  arrival 
time,  i.e.  slow  down.  This  is  to  be  expected,  as  damage  in  the 
composite  will  add  transition  layers  that  cause  reflection,  and  also 
will  decrease  the  composite’s  modulus.  This  system  was  also  tried 
on  the  production  line  during  the  production  of  several  reels  of 
CSM  product.  For  the  production  trial,  the  system  was  set  up 
using  a  ‘gate’  to  alarm  if  the  signal  intensity  dropped  below  a 
predetermined  value  of  approximately  50%  of  the  original  signal. 
The  ultrasonic  pulser/receiver  alarm  output  was  hooked  up  to  a 
data  logger  that  recorded  all  alarms.  Alarm  status  is  indicated  by  a 
-5V  signal  for  3  seconds.  The  device  was  sampled  every  2 
seconds,  ensuring  that  every  alarm  was  captured.  There  were  3 
reels  of  material  that  were  produced  using  this  inspection  method. 
Of  the  3  reels,  only  one  had  any  problems  associated  with  it.  In 
that  case,  a  contact  point  became  clogged  with  a  small  amount  of 
fuzz,  resulting  in  a  slightly  rough  surface  on  the  rod.  The 
ultrasonic  inspection  immediately  signaled  that  there  was  a 
problem,  and  the  operator  performed  an  in-depth  inspection  of  the 
line  and  found  the  source  of  the  problem,  which  was  a  clogged 
forming  die.  The  run  was  allowed  to  continue  to  observe  the 
capability  of  the  ultrasonic  inspection  system.  The  output  (Figure 
9)  shows  how  the  alarms  became  more  frequent  as  the  problem 
intensified. 


Figure  9.  Rolling  Contact  Production  Trial 


were  easily  detected  by  examining  the  signal  amplitude. 
Observing  the  velocity  of  the  ultrasonic  signal  can  also  monitor 
physical  properties  such  as  modulus  and  density  of  the  composite. 
These  techniques  will  be  refined  until  they  are  suitable  for  use  in 
the  production  environment  to  help  continue  to  meet  or  exceed 
customer  expectations  and  product  quality. 
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3.  Conclusions 

The  pultrusion  manufacturing  process  is  easily  adapted  to  an  in¬ 
line  inspection  that  checks  100%  of  the  product.  This  paper 
focussed  on  the  use  of  ultrasonics  to  inspect  the  composite  rod. 
Immersion  testing  and  Rolling  Contact  testing  were  examined.  Of 
the  two  techniques,  the  rolling  contact  testing  yielded  the  most 
information  about  the  quality  of  the  rod.  Defects  such  as  split  rod 
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ABSTRACT 

Over  40  polymer  blends  were  investigated  for 
flexible  buffer  tube  applications  for  fiber  optic  cable.  A 
variety  of  compounds  based  on  copolymers  of 
polypropylene,  polyethylene,  and/or  EVA  were  investigated 
in  terms  of  mechanical  characteristics,  melting  behavior,  and 
processibility.  Optimal  material  properties  based  on  melting 
point,  energy  to  break,  yield  behavior,  and  ultimate 
elongation  were  developed  and  related  to  functional 
requirements.  Buffer  tube  access  using  a  variety  of 
techniques  was  related  to  energy  to  break,  yield  behavior, 
and  ultimate  elongation. 

Varying  the  volume  percent  of  high  melting  point 
polyolefin  had  a  systematic  effect  on  buffer  tube  melting 
behavior.  Additionally,  small  changes  in  composition  had 
significant  effects  on  modulus  (flexibility),  yield  behavior,  as 
well  as  elongation  and  energy  to  break.  Processing 
conditions  effected  residual  buffer  tube  shrinkage, 
crystallinity,  and  mechanical  properties.  Additionally,  the 
combination  of  buffer  tube  material  and  geometry  effected 
accessibility.  Finally,  the  requirements  developed  in  the 
study  are  combined  in  order  to  produce  a  flexible  buffer  tube 
possessing  enhanced  handle-ability  and  accessibility.  With 
the  improvements  in  mechanical  properties,  a  ripthread 
access  system  was  designed.  This  resulted  in  easier  access  of 
active  fibers  without  significant  attenuation  increases. 

INTRODUCTION 

Due  to  increased  demand  for  high  capacity 
telecommunications  systems,  access  and  distribution  sections 
of  networks  are  facing  greater  space  and  cost  constraints.  In 
order  to  fit  a  higher  fiber  density  into  existing  cable  rights  of 
way,  new,  higher  fiber  density  cables  are  being  developed.1,2 
With  these  new  cable  designs  comes  a  need  for  new  flexible 
buffering  materials.3 

Efficient  design  of  the  cable  structure  requires  high 
fiber  counts  per  cross-sectional  area  and  easy  access  to  the 
fiber  bundle.  This  paper  focuses  on  tailoring  the  buffer  tube 
material  in  a  semi-tight  buffered  cable  so  that  it  protects  the 
fibers  and  allows  for  easy  mid-span  access.  A  rip  thread  in 
the  buffer  tube  enhances  the  ease  of  access4,  but  requires 
optimized  buffer  tube  material  properties  to  ensure  that  fibers 
are  not  placed  under  excessive  stress  during  access.  The 
buffer  tube  and  rip  thread  mechanical  properties  are 
intentionally  selected  so  that  a  mid-span  access  can  be 


performed  with  minimal  attenuation  increases  in  the  fibers. 
The  advantage  of  the  rip  thread  system  is  that  there  is  low 
risk  of  damage  to  the  fibers  and  there  are  no  special  tools 
required. 

The  present  materials  used  for  buffer  tubes  include 
impact  modified  polypropylene,  (i-PP),  polyvinylchloride, 
(PVC),  and  polybutyleneterephthalate,  (PBT).  PVC  and  PBT 
work  for  certain  cable  designs  and  applications,  but  have 
some  weaknesses  for  a  semi-tight  buffered  application  which 
include: 

•  Shrinkage 

•  Plasticizer  migration,  some  PVC  compounds 

•  Hydrolytic  Stability 

•  Mechanical  changes  with  aging 

•  Thermal  Stability 

Although  the  current  generation  of  i-PP  materials  does 
not  have  the  above  problems,  it  is  too  tough  for  a  rip  thread 
application.  Therefore,  a  customized  polyolefin  compound 
tailored  to  meet  specific  mechanical  and  thermal 
requirements  for  access  was  developed.  This  polyolefin 
compound  was  formulated  to  have  optimized  mechanical 
properties  for  easy  access  along  with  elevated  thermal 
stability  to  maintain  dimensional  stability  during  jacketing 
and  use.  This  paper  reviews  how  composition,  processing 
and  design  were  customized  and  how  mechanical  properties 
related  to  ripthread  access  and  attenuation  of  the  fibers. 

EXPERIMENTAL 

A  wide  variety  of  characterization  techniques  were 
used  to  determine  the  thermal  and  mechanical  properties  of 
the  buffer  tube  variants.  They  included  tensile, 
thermomechanical,  differential  scanning  calorimetry,  and 
dynamic  mechanical  thermal  analysis.  The  tensile  properties 
were  determined  on  an  Instron  4202  with  an  XL 
extensiometer  at  room  temperature  and  100  mm/min. 

The  thermomechanical,  dynamic  mechanical,  and 
differential  scanning  calorimetry  were  conducted  on  TA 
models  2940,  2980  and  2920  respectively.  Thermal  tests 
were  performed  in  a  temperature  range  from  -125°C  to 
200°C  at  10°C/min.  under  nitrogen.  The  cooling  was  done  on 
a  GCA  cooler  for  the  dynamic  mechanical  tester  and  a 
LNCA  cooler  for  the  differential  scanning  calorimetry. 
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Crease  diameter  measurements  were  done  by 
looping  a  buffer  tube  on  itself  and  pulling  on  one  end  to 
make  the  loop  smaller.  The  point  where  tube  buckled  was 
called  the  crease  diameter. 

Attenuation  measurements  were  made  on  an  EG&G 
model  CPM  500  power  meter.  The  attenuation  was  measured 
at  100  msec  intervals  at  a  wavelength  of  1550  nm. 

Materials 

Four  polyolefin  based  materials  were  blended 
together  to  optimize  the  buffer  tubes  mechanical  properties. 
These  materials  included  two  grades  of  hard  impact 
polypropylene  (H-i-PP)  and  a  soft  grade  of  impact 
polypropylene  (S-i-PP).  A  soft  polyethylvinylacetate  (EVA) 
copolymer  was  also  used  in  some  formulations.  These 
materials  were  blended  in  combinations  of  two  or  three 
polymers  to  manipulate  modulus,  yield  stress  and  strain,  and 
energy  to  break. 

RESULTS  AND  DISCUSSION: 

The  benefit  of  a  polyolefin  blend  is  that  one  can 
tailor  the  mechanical  properties  of  the  finished  product  with 
the  strengths  of  each  component.  Requirements  of  the 
material  were  that  it  have  a  melt  point  above  155°C,  a  yield 
strength  between  5  to  15  MPa  and  an  elongation  to  break 
between  500  and  900  %  elongation.  Also,  the  yield  strain 
must  be  above  5%.  The  material  must  also  be  compliant  and 
dimensionally  stable  from  -40°C  to  85°C. 

Initially,  a  discussion  of  the  range  of  material 
strengths  should  be  reviewed.  Figure  1  is  a  plot  of  stress  vs 
strain  for  the  H-i-PP,  PVC,  and  the  S-i-PP.  The  first  two  are 
presently  used  as  buffer  tube  materials.  The  H-i-PP  has  high 
modulus  and  high  stress  at  yield  compared  to  PVC.  This  is 
due  to  the  semicrystalline  nature  of  the  polymer.  The  PVC, 
an  amorphous  plasticized  polymer,  has  lower  modulus  and 
high  strength,  but  no  distinct  yield  point,  because  it  is  not 
semi  crystalline  like  the  H-i-PP. 


The  S-i-PP  material  has  a  lower  stiffness  than  H-i-PP 
and  it  has  a  lower  yield  stress.  Also,  the  S-i-PP  has  higher 
elongation  to  break.  The  critical  region  of  the  stress  strain 
curve  is  the  energy  to  break  for  and  PVC,  and  the  energy  to 
yield  for  the  S-i-PP  the  H-i-PP.  Essentially,  the  stress  and 
energy  needed  to  start  deformation  is  higher  for  the  H-i-PP  and 
PVC  than  the  S-i-PP.  This  is  related  to  the  energy  needed  to 
start  a  tear  in  the  buffer  tube  with  the  rip  thread.  Once  the 
material  has  yielded,  it  will  continue  to  deform  and  fracture 
with  continued  tearing  from  the  rip  thread. 

Figure  2  is  a  plot  of  breaking  strength  and 
elongation  for  all  of  the  compositions  tested.  Composition  is 
listed  on  the  x-axis  in  terms  of  volume  percent  H-i-PP/S-i- 
PP/EVA  and  cooling  conditions  (low  and  high  cooling  rate). 


H-i-PP,  S-i-PP,  EVA  (high  or  low  cooling  rate) 
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Figure  2:  Strength  and  Elongation  for  the 
Materials  Tested 

Creasing  of  the  buffer  tube  while  being  looped  over 
a  small  diameter  is  an  undesirable  characteristic.  This 
creasing  was  determined  for  all  of  the  materials  and  plotted 
in  Figure  3.  This  creasing  was  determined  to  be  related  to 
yield  strain.  Thus  materials  with  yield  strains  greater  then 
6%  had  very  low  probability  of  creasing  under  normal 
handling  conditions.  The  observed  stains  coincide  well  with 
the  calculated  ones,  where  the  surface  strain  is  equal  to  the 
radius  of  the  tube  divided  by  the  radius  of  diameter  of  the 
buffer  tube  loop. 


Figure  1:  Stress  vs  Strain  for  Flexible  Buffering 
Materials 
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Figure  3:  A  Plot  of  Crease  Diameter  vs.  Yield 
Strain 
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Changing  the  buffer  tube  wall  thickness  was  also 
used  tochange  the  ease  of  rip  thread  access.  Figure  4  shows 
the  influence  of  buffer  tube  wall  thickness  on  the  load 
required  to  open  the  buffer  tube.  Reducing  the  load  to  tear, 
by  increasing  the  wall  thickness  from  lx  mm  to  2x  mm 
doubled  the  required  load  to  yield  the  material.  All  three  of 
these  loads  were  found  to  be  at  an  acceptable  level  to 
propagate  a  tear.  Although,  reducing  the  load  makes  the  rip 
thread  easier  to  use  and  can  reduce  the  load  on  the  fiber 
bundle. 


Figure  4:  Load  vs  Displacement  as  a  Function  of 
Buffer  Tube  Wall  Thickness 


Besides  understanding  the  effect  of  design  and 
mechanical  properties,  it  was  also  necessary  to  explore  the 
effects  of  processing  and  composition  on  the  thermal 
properties.  Figure  5  shows  the  effect  of  either  quench  cooling 
or  slow  cooling  the  polypropylene  buffer  tubes.  The  slow 
cooled  sample  shows  very  little  dimensional  change  as  a 
function  of  temperature,  while  the  quench  cooled  tube  has 
much  more  thermal  expansion  after  50°C.  The  stability  of  the 
air  cooled  sample  is  attributed  to  the  increased  crystallinity 
and  increased  thermodynamic  stability  of  the  crystalline 
phase  due  to  slower  cooling.  More  time  at  optimal 
crystallization  conditions  is  possible  with  air  cooling.  The 
processing  change  resulted  in  energies  to  melt  of  66  J/g  for 
the  quench  cooled  materials  and  72  J/g  for  the  slow  cooled 
materials.  This  corresponds  to  a  9%  difference  in  melting 
energy  and  crystallinity.  The  elongation  to  break  for  these 
materials  also  varied  between  high  and  low  cooling  rates. 
This  variation  allows  for  tailoring  the  buffer  tubes 
mechanical  properties  by  process  changes. 


Figure  5:  Displacement  vs  Temperature  as  a 
Function  of  Processing  Conditions 

Differential  Scanning  Calorimetry 

Incorporating  increasing  amounts  of  the  higher 
melting  point  materials  increased  the  overall  melting  points 
of  the  blends,  Figure  6.  High  melting  points  are  necessary  to 
insure  thermal  stability  of  the  buffer  tubes  during  jacketing 
and  end  use.  The  compounds  tested  varied  from  100%  S-i-PP 
to  100%  H-i-PP.  The  most  pronounced  variation  in 
crystalline  melting  point  was  seen  when  amounts  between  1 
and  25%  of  the  H-i-PP  were  incorporated  into  the  blend. 
When  greater  than  25%  of  H-i-PP  was  added,  little  additional 
effect  on  melting  point  was  noted.  Therefore,  25%  of  H-i-PP 
is  the  minimum  amount  necessary  to  insure  ensure 
dimensional  stability  through  processing. 


Figure  6:  Differential  Scanning  Calorimetry  vs 
Blend  Composition 
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Figure  7a:  Buckling  of  PVC  Buffer  Tube  During 


Initiation  of  Tear  with  Rip  Thread 

Access 

Attenuation  as  a  function  of  access  was  performed 
during  all  access  steps  for  ripcord  and  tool  access  to 
determine  which  step(s)  caused  the  most  significant 
attenuation  increases.  The  various  steps  for  ripcord  access 
were:  1)  ring  cut,  2)  access  of  the  rip  thread,  3)  initiating  the 
tear  and  4)  continuation  of  the  tear.  The  tool  access  method 
for  PVC  varied  only  in  that  instead  of  using  a  ripcord,  the 
tube  was  split  with  a  tool.  Attenuation  measurements  during 
rip  thread  was  performed  with  both  the  PVC  and 
polypropylene  blend  buffer  tubes.  Typical  attenuation 
increases  are  shown  in  Table  1  for  ripcord  access  of  PVC  and 
the  polyolefin  blend  as  well  as  for  PVC  with  tool  access. 
PVC  access  with  the  tool  and  ripcord  access  with  the 
polyolefin  blend  both  result  in  negligible  attenuation.  Low 
attenuation  during  access  is  best  accomplished  by  using  a  rip 
thread  and  an  optimized  poly-olefin  blend. 


Figure  8a:  The  Rip  Thread  Initiating  a  Tear  in 
Polypropylene  Buffer  Tube 


Figure  7b:  Spreading  of  PVC  Buffer  Tube  from 


Pulling  by  Rip  Thread 

Figures  7a  and  7b  show  that  initiating  the  tear  in  the 
rip  thread  with  a  PVC  compound  caused  the  fiber  bundle  to 
buckle  resulting  in  macrobending  loss.  The  resulting  peaks 
were  up  to  several  dB  for  PVC  during  rip  thread  access. 
Negligible  attenuation  increase  occurred  during  the  other 
midspan  access  steps.  Figure  7b  shows  that  the  PVC  could 
not  easily  be  tom  and  deformed  instead.  This  illustration 
shows  that  the  key  to  low  loss  mid-span  access  with  a  rip 
thread  is  to  reduce  the  energy  to  initiate  a  tear. 

Figures  8a  and  b  show  access  and  attenuation  for 
the  polypropylene  buffer  tube.  The  initiation  of  the  tear  with 
the  rip  thread  took  much  less  energy  and  the  rip  thread  could 
be  easily  tom  through  long  spans  of  buffer  tube,  without 
damaging  the  fibers.  The  resulting  attenuation  increases  was 
typically  less  then  0.1  dB,  which  was  a  significant 
improvement  compared  to  PVC  ripcord  access.  These  long 
tears  in  the  buffer  tube  resulted  in  the  buffer  tube  being 
easily  removed  from  the  fiber  bundle,  with  very  low  loss. 


Figure  8b:  Removal  of  the  Buffer  Tube  from  the 
Fiber  Bundle 
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Table  1.  Typical  Attenuation  (dB)  vs  Access  Step 
for  PVC  and  i-PP  Buffer  Tubes 


Ring  Cut 

Initiate 

Tear 

Pulling 

Thread 

Remove 

ube 

Ripcord  Access 

PVC 

<0.1 

1-120 

~o 

0 

i-PP 

o 

1 

p 

l/l 

<0.1 

~0 

0 

Tool  Slitting  Access 

Slitting 

PVC 

<0.1 

n.a 

<0.5 

0 

CONCLUSIONS 

The  new  generation  of  semi-tight  cable  designs 
carry  with  them  the  benefit  of  significantly  simplifying  the 
access  to  the  optical  fibers  within  the  buffer  tube.  To 
maximize  this  benefit,  improved  polyolefinic  blends,  product 
geometry  and  process  control  are  required.  These  not  only 
permit  easy  access  into  the  optical  fiber  cable,  but  reduce  the 
risk  of  damage  or  service  interruption  in  the  optical  network. 

The  rip  thread  accessibility  of  a  semi-tight  buffer 
unit  is  directly  related  to  the  composition  and  processing  of 
the  material.  Materials  with  optimized  yield  energies  or 
lower  energies  to  break  than  conventional  materials  must  be 
used.  The  mechanical  properties  that  are  required  have  been 
successfully  identified  and  a  material  has  been  developed  to 
meet  these  requirements.  A  new  easy  access  technique  has 
been  developed  that  allows  access  on  live  fibers  with  reduced 
risk  to  signal  attenuation. 
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Abstract 

Cables  with  an  armored  flame  retardant  sheath  can  be  used  indoors 
where  flame  retardancy  is  required  and  outdoors  where  mechanical 
strength  and  rodent  protection  are  needed.  The  use  of  dual  purpose 
armored  cable  can  reduce  the  costs  of  terminations  in  buildings  and 
increase  the  overall  reliability  of  the  system  by  protection  from 
environmental  hazards.  A  new  coated  steel  with  a  polyolefin  based 
coating  has  been  developed  for  bonded  sheaths  for  either  optical 
fiber  or  metallic  cable  that  has  the  ability  to  bond  to  either  polyvinyl 
chloride  (PVC)  or  halogen-free  polyolefins  (HFPO)  jackets.  This 
coating  has  a  lower  melting  point  versus  the  standard  coatings  used 
for  bonding  to  polyethylene  jackets.  As  a  result  the  bonding  to  PVC 
and  HFPO  jackets  is  facilitated  at  the  lower  melt  temperatures 
associated  with  the  extrusion  of  these  jackets. 

Keywords 

Flame  Retardant,  Armored,  Indoor,  Outdoor,  Cable,  &  Steel 

1.  Introduction 

The  use  of  an  armored  cable  with  a  flame  retardant  sheath  results  in 
a  single  cable  design  that  can  be  used  in  both  indoor  and  outdoor 
applications.  This  cable  sheath  can  be  used  indoors  where  flame 
retardancy  is  required  and  outdoors  where  mechanical  strength  and 
rodent  protection  are  desired.  Without  a  flame  retardant  sheath,  it  is 
often  required  that  the  cable  design  be  switched  from  a  non-flame 
retardant  outdoor  design  to  a  flame  retardant  indoor  design. 
Alternatively,  the  outdoor  cable  must  be  run  in  conduit  to  its 
termination  point.  Such  procedures  increase  the  cost  of  installation 
both  from  material  and  labor  points  of  view. 

The  construction  of  local  area  networks  (LAN’s)  or  so  called 
“campus  networks”  also  favors  the  use  of  dual-purpose 
indoor/outdoor  cable.  A  campus  environment  typically  consists  of 
multiple  buildings  that  require  both  indoor  and  outdoor  rated  cables. 
The  use  of  dual  rated  cable  greatly  facilitates  the  installation  of  such 
networks.  It  is  possible  to  further  reduce  costs  by  having  the 
flexibility  to  locate  electronic  components  at  distances  greater  than 
the  50  ft.  (15  m)  necessitated  if  conduit  and  standard  outdoor  cables 
were  used.  This  allows  the  electronics  to  be  placed  conveniently  for 
system  operation. 

There  is  also  a  new  class  of  cable  called  “powered  broadband”  [1]. 
This  cable  contains  fibers  and  low  voltage  power  conductors.  This, 
in  turn,  allows  the  electronics  to  be  placed  where  needed  in  the 
system  and  to  be  conveniently  powered  by  the  communications 
cable.  The  use  of  an  armored  flame  retardant  cable  sheath 
essentially  packages  the  fibers  and  conductors  in  its  own  conduit. 
This  facilitates  the  installation  of  the  cable  and  the  steel  provides  a 
certain  level  of  shielding  for  the  power  conductors.  The  use  of  dual 


purpose  armored  cable  reduces  the  costs  of  terminations  and 
increases  the  convenience  of  installation  saving  labor  costs  as  well. 

The  benefits  of  using  armored  cable  in  the  outdoor  environment 
have  been  documented  elsewhere  [2,3].  These  benefits  are  rodent 
and  other  wildlife  protection,  mechanical  protection,  especially 
crush  and  impact  resistance,  moisture  and  chemical  resistance  and 
waterblocking  of  the  jacket  armor  interface.  Some  additional 
benefits  are  the  ability  to  use  the  coated  steel  armor  as  a  means  to 
monitor  the  sheath  for  intrusion  and  long  distance  locating  from  a 
central  point  [4,5]. 

2.  Materials  for  Armored  Flame  Retardant 
Sheaths 
2.1  Coated  Steel 

Typically,  a  bonded  sheath  is  used  with  the  coated  steel  armor.  A 
bonded  sheath  is  one  in  which  the  plastic  coated  steel  is 
adhesively  bonded  to  the  outer  jacket  (plastic  oversheath)  of  the 
cable.  In  the  case  of  outdoor  cable,  various  types  of  polyethylene 
are  used.  As  mentioned  previously,  polyethylene  is  not  suitable 
where  flame  retardancy  is  required.  For  indoor/outdoor  (I/O) 
cable,  a  flame  retardant  jacket  such  as  polyvinyl  chloride  (PVC) 
or  halogen-free  polyolefin  (HFPO)  based  compound  must  be 
used.  The  standard  copolymer  coating  used  on  the  steel  for 
polyethylene  jackets  is  not  compatible  with  PVC.  A  special 
coating  is  required  on  the  steel  to  be  adhesively  compatible  with 
the  polar  nature  of  the  PVC.  A  new  coating  system  with  a  unique 
copolymer  was  developed  to  be  compatible  with  PVC  jackets.  In 
the  process  of  working  with  this  PVC  compatible  steel,  it  was 
discovered  that  it  is  also  compatible  with  HFPO  jackets.  There 
were  advantages  to  using  this  steel  with  HFPO  compounds  as 
well  as  the  PVC  jackets.  The  first  is  that  a  single  armor  can  be 
used  for  flame  retardant  sheath  applications  calling  for  either  a 
halogenated  or  halogen-free  jacket.  The  second  is  that  this 
coating  can  form  a  high  level  of  bond  strength  to  these  jackets  at 
significantly  lower  melt  temperatures. 

The  properties  of  the  coated  steel  with  the  PVC  compatible 
coating  are  shown  in  Table  1.  These  properties  are  compared  to 
the  standard  copolymer  coated  steel  used  for  outdoor  applications 
with  polyethylene  jackets.  The  more  elastic  nature  of  the  PVC 
compatible  coating  results  in  an  apparently  lower  peel  strength 
(coating-metal  bond).  The  heat  seal  property  (coating-coating 
bond)  is  comparable.  This  product  meets  the  requirements  of 
ASTM  B736  for  a  Type  I,  Class  1  coated  metal. 
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Table  1.  Comparison  of  the  Properties  of  I/O 
Coated  Steel  to  Standard  Coated  Steel 


Minimum  Adhesion* 
in  N/m  (Ib/in) 

Coated  Steel 

Compatibility 

Peel 

Heat  Seal 

Indoor/Outdoor 

PVC,  HFPO 

350  (2.0) 

1750  (10.0) 

Standard 

PE,  HFPO 

610(3.5) 

1750(10.0) 

*  Specification  Values 


The  PVC  compatible  coating  does  not  contain  any  PVC  or  other 
halogenated  components.  It  is  not  inherently  flame  retardant. 
(Obviously,  the  bonded  sheath  system  relies  on  the  jacket  to 
provide  the  flame  retardancy).  Since  the  coatings  are  polyolefinic 
in  nature,  they  can  also  provide  high  levels  of  corrosion  protection 
to  the  steel. 

It  should  be  pointed  out  that  the  standard  coating  is  also 
compatible  with  the  HFPO  jackets.  However,  the  breakthrough  is 
to  use  the  PVC  compatible  coating  with  HFPO  jackets  and  gain 
the  advantage  of  higher  levels  of  bond  at  lower  melt  temperatures. 
Also  note  that  various  HFPO,  PVC  and  LSPVC  jackets  were  used 
for  these  studies. 

2.2  Polyvinyl  Chloride  (PVC)  Jackets 

General  purpose  PVC  jackets  are  normally  designed  to  meet  the 
flame  test  requirements  for  the  vertical  tray  type  of  cable  test  such 
as  UL1581,  IEEE  383  or  1202,  or  IEC  332-3C  or  the  specimen 
tests,  such  as  VW-1  or  IEC  332-1.  These  jacket  compounds 
contain  plasticizers,  which  may  compromise  smoke  properties. 
PVC  compounds  are  regarded  as  inherently  flame  retardant  due  to 
their  halogen  (chlorine)  content  but  various  additives  are  often 
added  to  increase  flame  test  performance. 

A  new  class  of  low  smoke  (LS)  PVC  compounds  have  been 
specially  formulated  to  meet  the  smoke  and  propagation 
requirements  of  the  UL910  plenum  fire  test  [6].  These 
compounds  differ  from  the  general  purpose  compounds  because 
they  contain  special  additives  for  smoke  suppression,  special 
polymeric  plasticizers  and  char  formers.  The  key  properties  they 
offer  are  low  smoke  and  extremely  low  levels  of  flame 
propagation. 

2.3  Halogen  Free  Polyolefins  (HFPO) 

The  development  of  halogen  free  materials  was  driven  primarily 
by  the  defense  and  transportation  industries  [7].  In  particular,  the 
lessons  learned  from  shipboard  and  subway  fires  led  to  the 
development  of  halogen-free  materials  with  properties  of  low 
smoke  and  fume  to  improve  serviceability  of  equipment  and  safety 
of  personnel.  These  materials  received  acceptance  in  the 
communications  industry  because  the  low  fume  characteristic  was 
very  important  in  preventing  collateral  damage  to  electronic 
equipment  from  the  smoke  generated  during  a  fire  situation.  The 
smoke  from  halogenated  materials,  in  particular,  could  cause  high 
levels  of  corrosion  of  the  electronics  resulting  in  costly  failures  of 
equipment  remote  to  the  actual  fire  [8], 

2.4  Adhesion 

A  jacket  bond  test  developed  in  the  laboratory  was  used  to 
evaluate  the  adhesive  compatibility  of  the  coated  steel  with  the 
HFPO  and  PVC  compounds.  A  plaque  or  sheet  of  the  jacketing 
material  is  first  prepared  in  a  heated  press.  The  plaque  is  152  x 
152  mm  (6  in  x  6  in)  in  dimensions  and  1.9  mm  (0.075  inches) 


thick.  After  the  plaque  is  prepared,  a  layer  of  steel  is  placed  on 
the  plaque  with  a  strip  of  polyester  film  at  one  end.  The  sandwich 
construction  is  then  reinserted  into  a  press  heated  to  182°C 
(360°F).  The  bonding  time  is  2.5  minutes  with  25  tons  platten 
pressure.  The  laminate  is  then  cooled  to  15.5°C  (60°F)  in  2.5 
minutes  under  the  25  tons  of  platten  pressure.  The  laminate  is 
then  cut  into  test  samples  having  the  dimensions  of  25  x  152  mm. 
The  test  samples  now  have  the  structure  of  a  laminate  sheath  from 
a  cable. 

Adhesive  strength  is  then  determined  on  a  tensile  testing  machine 
using  a  test  speed  of  50  mm/min  (2  inches/min)  and  a  180°  angle 
of  separation.  The  use  of  the  polyester  film  to  prepare  the  sample 
allows  a  tab  to  be  formed  which  is  inserted  in  one  jaw  of  the 
tensile  tester  while  the  jacket  is  inserted  into  the  other  jaw.  A 
steel  bar  is  inserted  with  the  jacket  to  keep  the  peel  angle  at  180°. 

The  adhesion  results  are  shown  in  Table  2. 


Table  2.  Jacket  Bond  Strength  of  I/O  Coated  Steel 
to  PVC  and  HFPO  Jacket  Compounds 


Jacket 

Adhesion  in  N/m  (Ib/in) 

PVC 

1402 

(8.0) 

LSPVC-1 

2979 

(17.0) 

HFPO-3 

3435 

_ (1M1 _ 

The  number  after  the  compound  is  only  an  identifying  code. 


3.  Manufacture  of  Armored  Flame 
Retardant  Sheath 

3.1  Cable  Sheath  Preparation 

An  experimental  sheathing  line  was  used  for  the  preparation  of  cable 
samples  for  testing.  This  line  uses  commercial  forming  and 
extrusion  equipment.  Cable  samples  were  prepared  using  a 
corrugator  in  line  with  a  cone  fonner  to  corrugate  and  shape  the 
steel  armor.  A  commercially  available  core  was  enclosed  within  the 
armor.  A  jacket  was  applied  over  the  longitudinally  formed  steel 
with  a  63.5  mm  (2.5  inch)  24:1  L/D  ratio  extruder.  A  10  turn 
metering  screw  with  a  3:1  compression  ratio  was  used  with  the 
PVC  compound  and  a  2:1  compression  ratio  screw  was  used  with 
the  HFPO  compound.  Melt  temperature  was  set  according  to 
guidelines  recommended  by  the  compound  manufacturer. 

3.2  Corrugation  Profile 

The  depth  of  the  corrugations  and  the  number  of  corrugations  per 
unit  length  are  the  most  important  parameters  for  the  performance  of 
the  bonded  sheath  in  mechanical  tests  [9].  Performance  in  the  bend 
(FOTP-37)  and  flexibility  (FOTP-104)  tests,  in  particular,  depends 
on  the  corrugation  parameters.  The  simple  rule  is  that  if  the  number 
of  corrugations  per  unit  length  is  increased,  then  less  depth  may  be 
required  to  obtain  the  same  relative  performance  in  the  mechanical 
tests.  The  obvious  advantage  to  use  more  corrugations  and  less 
depth  with  the  HFPO  and  PVC  compounds  is  that  it  should  be 
easier  to  fill  the  corrugations  with  polymer.  Filling  the  corrugations 
is  another  key  parameter  for  performance  of  a  bonded  sheath. 
Filling  the  corrugations  results  in  the  highest  levels  of  bond  strength 
and  acceptable  performance  in  the  mechanical  tests. 

For  the  cable  samples  prepared  for  testing  the  corrugation  number 
was  14  corrugations/inch  (25.4  mm)  and  the  depth  was  0.032  inches 
(0.84  mm).  These  are  the  standard  conditions  for  the  cable  diameter 
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chosen  for  tests.  Cable  diameter  is  also  a  factor  in  choice  of 
corrugation  parameters.  For  diameters  less  than  15  mm,  for 
example,  20  corrugation  per  inch  could  be  used.  The  depth  could  be 
reduced  to  0.35  mm  and  the  cable  may  still  achieve  the  required 
mechanical  performance. 

3.3  Preheat 

The  use  of  preheat  on  the  coated  steel  may  also  help  facilitate 
corrugation  fill.  Typically,  there  are  four  ways  to  preheat  the  coated 
steel  after  it  has  been  formed  around  the  cable  core  and  before  it 
reaches  the  cross-head  of  the  extruder.  These  are  1)  induction;  2) 
quartz  lamps;  3)  hot  air  guns;  and  4)  gas  flame.  The  induction 
method  is  the  preferred  method.  It  heats  the  steel  exclusively  by 
using  radio  frequencies  to  generate  eddy  currents  in  the  steel.  The 
quartz  lamps  are  normally  assembled  into  a  tunnel  configuration  and 
rely  on  infra-red  radiation  to  heat  the  steel.  Generally,  two  or  more 
hot  air  guns  are  required.  They  rely  on  convection  to  heat  the  steel. 
With  both  the  lamps  and  the  hot  air  guns,  a  lot  of  heat  is  lost  to  the 
environment.  The  oldest  method  is  the  gas  flame.  The  gas  flame 
can  oxidize  the  surface  of  the  coatings  and  actually  prevent  a  bond 
at  the  overlap  and  to  the  jacket.  There  is  a  high  level  of  inefficiency 
with  the  gas  flame. 

3.4  Bonded  Sheaths  with  HFPO  Compounds 

Processability  of  HFPO’ s  are  reduced  over  polyethylenes  because  of 
their  high  filler  loadings.  This  creates  the  situation  where  they  have 
a  higher  melt  viscosity  and,  therefore,  are  more  difficult  to  run 
through  an  extruder.  The  high  melt  viscosity  raises  pressures  in  the 
extruder  to  levels  that,  in  turn,  limit  rpm,  line  speed  and  output. 
This  is  illustrated  in  Table  3  for  two  commercially  available  HFPO 
compounds.  For  the  particular  extruder  and  polyethylene  screw 
used  in  these  trials  of  processability,  the  limits  on  extruder  pressure 
were  reached  long  before  the  capacity  of  the  extruder  was  exceeded. 


Table  3.  Processability  of  HFPO 
Jacketing  Compounds 


Jacket 

Extruder 
Speed,  (rpm) 

Melt  Temp., 
°C 

Output, 

kg/hr 

Cross-head 

Pressure, 

MPa 

HFPO-2 

25 

160 

54.5 

30.5 

50 

- 

'  - 

>34.5 

HFPO-3 

25 

154 

49.5 

26.8 

50 

155 

102.2 

30.8 

There  have  been  attempts  to  improve  the  processability  of  the  HFPO 
compounds  [10].  As  Table  3  shows  the  third  generation  product  is 
more  extrudable  than  the  second  generation  product,  which  could 
not  be  run  at  50  rpm.  However,  it  was  not  possible  to  run  over  50 
rpm  on  the  laboratory  extruder  with  the  third  generation  product  due 
to  pressure  limitations. 

The  basic  issues  with  obtaining  good  adhesion  to  coated  steel  with 
HFPO  compounds  are  the  relatively  low  melt  temperatures  they 
require  and  their  high  melt  viscosities  due  to  their  high  filler 
loading.  This  is  illustrated  in  Table  4  for  the  coated  steel  with  the 
standard  copolymer  coating  and  an  HFPO  compound.  The  bond 
strength  is  very  low  compared  to  that  obtained  with  a  polyethylene 
jacket  using  the  standard  extruder  conditions  for  polyethylene.  The 
high  melt  viscosity  of  the  HFPO  compound  limits  the  ability  of  the 
HFPO  to  flow  into  the  valleys  of  the  corrugations.  Basically,  the 
extrudate  wants  to  rest  on  the  crests  of  the  corrugations.  Typically 
the  crests  only  represent  about  10  to  20%  of  the  surface  area 


available  for  bonding.  Bond  strength  to  this  limited  area  is  not 
enough  to  give  a  functional  sheath. 


Table  4.  Adhesion  of  HFPO  and  LLDPE  to 
Corrugated  Coated  Steel  with  Standard  Coating 


Jacket 

Adhesion  in  N/m  (Ib/in ) 

LLDPE 

2454 

(14.0) 

HFPO-1 

584 

(3.33) 

In  a  subsequent  extrusion  trial  melt  temperature  on  HFPO-3  was 
increased  and  the  die  and  tip  configuration  was  changed  to  force 
flow  of  the  compound  directly  onto  the  coated  steel  armor.  The 
“pressure  extrusion”  configuration  is  obtained  by  moving  the  tip 
forward  relative  to  the  position  of  the  die.  This  allows  the  extrudate 
to  flow  radially  into  the  corrugations  of  the  coated  steel  as  it  exits 
the  die.  As  a  consequence,  the  corrugations  are  filled  with  polymer 
and  the  bond  strength  is  substantially  increased.  These  data  are 
shown  in  Table  5. 


Tables.  Adhesion  of  HFPO-3  to 
Corrugated  I/O  Coated  Steel 


Extrusion 

Condition 

Melt  Temp.  °C  (°F) 

165 

(329) 

Pressure  MPa  (psi) 

22.7 

(3280) 

Adhesion  N/m  (Ib/in) 

3399 

(19.0) 

3.5  Bonded  Sheaths  with  PVC  Compounds 

A  LSPVC  compound  was  used  in  one  set  of  trials  to  make  a  bonded 
sheath.  A  PVC  screw  was  used  to  extrude  this  resin.  It  was  found 
that  the  LSPVC  compound  offered  more  flexibility  during 
processing  than  the  HFPO  compounds.  As  the  data  of  Table  6  show 
the  HFPO  compound  was  approaching  the  limit  on  cross-head 
pressure  for  the  extrusion  line  while  even  at  100  rpm  the  LSPVC 
compound  was  showing  a  relatively  low  pressure  of  12.3  MPa 
which  is  well  below  the  operating  pressure  of  the  extruder.  There 
was  a  significant  difference  in  output,  however,  with  the  LSPVC 
having  about  half  the  output  of  HFPO  at  50  rpm.  However,  the 
LSPVC  had  more  flexibility  from  a  process  standpoint  than  the 
HFPO  compound.  This  flexibility  allows  pressure  extrusion  to  be 
used  with  the  LSPVC  compounds  to  achieve  corrugation  fill 
without  adversely  affecting  extruder  pressures. 


Table  6.  Processability  of  Halogen  Free  (HF)  and 
Low  Smoke  Polyvinyl  Chloride  (LSPVC)  Cable 
Compounds 


Compound 

Extruder 

Speed, 

(rpm) 

Melt 

Temp.,  °C 

Output, 

kg/hr 

Cross-head 

Pressure, 

MPa 

HFPO-3 

50 

155 

102 

30.7  ; 

LSPVC-2 

50 

159 

52 

12.3 

100 

160 

111 

12.2 

3.6  Mechanical  Performance 

A  new  category  of  cable,  Network-Powered  Broadband 
Communications  Cable,  was  created  for  use  in  accordance  with 
Article  830  of  the  National  Electrical  Code.  The  requirements  for 
these  cables  are  covered  in  Subject  2261  of  the  Underwriters 
Laboratories  and  are  in  accordance  with  UL  13  and  UL  444. 
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For  indoor  cable,  UL  444  and  Telecordia  TA-NWT-00131  are 
applicable.  For  outdoor  cable,  the  REA/RUS  PE-90,  ANSI/ICEA 
S-87-640  and  Telecordia  GR-20-CORE  Issue  2  are  applicable. 

Previous  work  has  shown  that  the  bonded  sheath  with  a  HFPO  or 
LSP VC  jacket  can  meet  the  mechanical  requirements  for  indoor  and 
outdoor  cable  according  to  the  UL  and  Telecordia  standards  [11]. 
Other  work  has  shown  that  an  armored  bonded  sheath  cable  with  a 
PVC  jacket  can  meet  the  requirements  for  powered  broadband  cable 
[12]. 

3.7  Flame  Performance 

Flame  testing  was  conducted  using  the  IEEE  383  vertical  tray  flame 
test.  This  is  a  general  purpose  test  similar  to  UL  1581  and  IEC  332- 
3.  It  uses  a  70,000  BTU/hr  (20.5  kW)  flame  source.  Cable  samples 
8  ft  (2.7  m)  long  are  mounted  in  a  vertical  tray.  The  test  duration  is 
20  minutes  and  the  test  requirement  is  that  the  flame  not  propagate 
the  length  of  the  tray. 

A  cable  sample  was  prepared  on  the  experimental  jacketing  line  for 
the  flame  test.  For  this  particular  cable  the  core  consisted  of  4 
number  10  AWG  copper  conductors  enclosed  in  an  overall  jacket  of 
PVC.  The  coated  steel  was  corrugated  then  formed  over  this  core 
and  jacketed  with  the  HFPO-1  compound.  The  armored  cable  and 
PVC  jacketed  core  were  tested  separately  for  the  sake  of 
comparison.  The  results  are  shown  in  Table  7.  The  armored  cable 
had  a  slightly  greater  char  height  versus  the  PVC  jacketed 
conductors.  The  explanation  for  the  difference  is  that  the  armor  may 
act  to  conduct  some  of  the  heat  away  from  the  bum  area,  which,  in 
turn,  increases  the  char  height. 


Table  7.  Results  of  IEEE  383  Vertical  Tray  Flame 
Test*  for  Armored  Bonded  Sheath  Cable 


Sheath 

Armor 

Char  Height,  m  (ft) 

Pass? 

PVC  Core 

No 

0.9  (3.0) 

Yes 

HFPO  Steel 

Yes 

1.0  (3.3) 

Yes 

*  IEEE  383  is  a  small  scale  test  to  provide  a  laboratory  rating  of  the  relative 
flammability  for  cable  under  controlled  conditions.  Results  of  this  test  are 
not  intended  to  reflect  behavior  of  the  cable  or  materials  in  an  actual  fire 
situation. 

There  was  an  interesting  result  with  respect  to  the  smoke  generated. 
A  smoke  density  light  obscuration  test  was  used  to  quantify  the 
smoke  generated  in  the  tests.  A  smoke  detector  measures  the 
amount  of  light  blocked  due  to  smoke  from  the  test  cable.  The 
concept  behind  this  test  is  to  be  able  to  view  an  “EXIT”  sign 
throughout  the  test.  For  the  armored  cable,  the  “EXIT”  sign  was 
clearly  visible  during  the  test.  The  amount  of  light  that  was  blocked 
was  43%.  For  the  PVC  jacketed  core,  there  was  a  large  quantity  of 
smoke.  It  appeared  that  the  armor  and  HFPO  jacket  acted  as  a  fire 
and  smoke  barrier  thereby  providing  additional  protection  to  the 
core. 

A  similar  observation  was  made  in  the  UL  910  horizontal  cable  tests 
of  shielded  cable  with  an  HFPO  jacket.  The  test  was  not  passed 
using  the  HFPO  jacket.  However,  there  was  evidence  that  the  shield 
was  acting  as  a  fire  barrier.  There  was  a  reduction  in  the  rate  of 
flame  propagation  throughout  the  test  when  the  metallic  shield  was 
part  of  the  sheath  construction. 

It  has  been  previously  reported  that  the  armored  cable  with  the  PVC 
jacket  would  pass  the  UL  1666  riser  test  [13]. 


4.  Conclusions 

A  unique  coated  steel  product  has  been  developed  for 
indoor/outdoor  cable  applications.  This  coated  steel  is  adhesively 
compatible  with  both  PVC  and  HFPO  jacketing  compounds.  It 
allows  the  fabrication  of  flame  retardant  sheaths  for  use  indoors 
while  providing  the  mechanical,  rodent  and  moisture  resistance 
needed  for  outdoor  applications.  This  coated  steel  facilitates  the 
manufacture  of  bonded  sheath  because  it  has  a  coating  with  a 
lower  melting  temperature.  This  is  an  aid  to  the  bonding  process 
since  most  PVC  and  HFPO  compounds  are  extruded  at  relatively 
low  melt  temperatures. 

The  key  processing  limitation  with  PVC  and  HFPO  jacketing 
compounds  is  their  relatively  high  melt  viscosities  which,  in  turn, 
are  related  to  relatively  high  filler  loadings.  This  makes  it 
difficult  for  these  compounds  to  flow  into  the  corrugations  of  the 
coated  steel.  It  was  demonstrated  that  the  use  of  pressure 
extrusion  could  aid  in  corrugation  fill  and  the  fabrication  of  an 
acceptable  bonded  sheath. 

The  armored  cable  with  a  flame  retardant  jacket  can  meet  the 
flame  requirements  for  indoor  cable  and  provides  the  mechanical, 
rodent  and  moisture  resistance  required  for  outdoor  cable.  The 
use  of  a  single  cable  for  both  environments  results  in  considerable 
cost  savings  for  the  cable  user  by  eliminating  the  need  for  splicing 
different  cable  designs  together  at  the  entrance  point  to  the 
building.  The  flame  retardant,  armored  sheath  design  is  especially 
suitable  for  construction  of  local  area  networks,  “campus 
networks,”  and  applications  calling  for  powered  broadband  cable. 
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Abstract 

Wireless  personal  area  networks  will  proliferate  early  in  the 
millennium  and  the  IEEE  802.15  Working  Group  for  Wireless 
Personal  Area  Networks™  (WPAN’s™)  [1]  will  provide  the 
leadership  in  the  IEEE  802  Standards  Committees  to  establish  open 
standards  for  these  WPAN’s™.  The  IEEE  802.15  Working  Group 
for  WPANs™  is  developing  Wireless  Personal  Area  Network 
standards  for  short-range  wireless  networks.  A  primary  goal  for 
WPANs™  is  to  replace  all  the  cables  the  mobile  worker  has  today 
i.e.,  cell  phone  to  laptop/PDA,  cell  phone  to  headset,  etc.  The 
Working  Group  is  cognizant  of  emerging  industry  specifications, 
viz.,  Bluetooth™  [2],  HomeRF™  [3],  Firefly-RF  [4],  etc.  and 
realizes  that  it  is  important  to  build  on  the  work  of  these  groups  as 
they  enjoy  significant  market  interest  and  industry  participation.  One 
of  the  primary  motivations  for  this  Working  Group  is  to  ensure  the 
best  use  of  a  shared  medium. 

Keywords 

"Bluetooth;  Wireless;  PAN;  WPAN;  Wireless  Personal  Area 
Network;  Telecommunications;  Data  Communications;  Radio 
Frequency  (RF);  Spread  Spectrum  (FHSS);  IEEE;  802;  802.15" 

1.  Introduction 

The  group  currently  has  six  activities  underway.  The  first  under 
Task  Group  1  is  drafting  a  standard  derived  from  the  Bluetooth™ 
Specification  Version  1.0.  Task  Group  2  will  develop  a 
Recommended  Practice  for  PHY  Layer  Coexistence.  The  third 
activity  under  Task  Group  3  is  reviewing  candidates  to  choose 
from  to  begin  drafting  a  High  Rate  WPAN™  standard.  The  fourth 
activity  is  the  Radio  2  Study  Group  and  it  is  tracking  the  activities 
of  the  Bluetooth™  Radio2  Working  Group  (next  generation).  The 
fifth  activity  is  the  Low  Rate  Study  Group  and  is  chartered  to 
investigate  a  Low  Rate  WPAN™  standard  with  multi-month  to 
multi-year  battery  life  and  very  low  complexity.  The  sixth  and 
final  activity  is  a  marketing  effort  aimed  at  promoting 
understanding  of  the  issues  and  activities  of  802.15 

2.  Conclusions 

The  Bluetooth™  Overview  will  be  short  and  from  the  point  of  view 
of  the  IEEE.  The  Author  is  an  Officer  and  Voting  Member  of  the 


IEEE  802.15  Working  Group  for  Wireless  Personal  Area 
Networks™  as  well  as  an  Early  Adopter  of  the  Bluetooth™  SIG. 
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Abstract 

HDR  is  a  high  performance  and  cost  effective  Internet  solution  for 
consumers  and  businesses.  It  is  a  spectrally  efficient  CDMA 
technology  optimized  for  packet  data  services  providing  up  to  a 
forward  link  throughput  of  2.4  Mbps  in  a  standard  CDMA  1.25 
MHz  frequency  carrier.  HDR  will  offer  carriers  and  consumers 
next  generation  3G  performance  today  with  unprecedented  speed, 
capacity  and  mobility.  This  talk  will  discuss  the  status  of  the 
technology,  the  benefits,  the  relationship  to  future  3G,  similarities 
to  existing  IS95  CDMA  and  the  various  market  rollout  options. 
HDR  will  unleash  the  internet  to  portable,  mobile  and  fixed 
wireless  users. 
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Abstract 

This  talk  will  provide  an  overview  of  the  role  of  Broadband 
Fixed  Wireless  in  the  evolving  telecom-munications 
landscape.  Fixed  wireless  capabilities  will  be  considered 
from  the  perspective  of  history,  technology,  regulatory 
considerations,  and  market  impact.  A  glimpse  of  the 
Broadband  Wireless  future  will  also  be  posed. 

Keywords 

“Broadband  Fixed  Wireless;  LMDS;  MMDS;  WLL; 
Broadband  Wireless  Access;  point-multipoint” 

1.  Introduction 

Traditional  Wireless  Local  Loop  (WLL)  provides  a 
wireless  tether  in  support  of  basic  POTS  capabilities; 
Broadband  Fixed  Wireless  provides  real  capacity  (256  kbps 
-  155  Mbps)  for  the  iast  mile”.  By  using  roof-top  or  tower 
mounted  base  stations,  a  relatively  narrow  RF  beam  can  be 
transmitted  to  roof  or  wall  mounted  subscriber  antennas. 
Dynamic  bandwidth  allocation  air  interfaces  provide 
flexible  capacities  to  individual  subscribers,  while 
bandwidth  is  delivered  to  customers  inside  the  building  via 
wireline  (e.g.,  DSL)  or  wireless  solutions. 

So  what’s  the  place  of  Broadband  Fixed  Wireless  in  the 
marketplace?  In  areas  with  underdeveloped  infrastructure, 
Broadband  Fixed  Wireless  provides  a  way  to  get  rapid 
deployment.  In  areas  with  substantial  embedded 
infrastructure  (e.g.,  incumbent  carriers),  it  provides  an 
economic  alternative  access  technology.  While  it  provides 
opportunities  in  nearly  all  segments,  the  small  to  medium 
business  market  in  densely  populated  areas  is  a  primary 
target. 


2.  Conclusions 

Broadband  Fixed  Wireless  offers  the  ability  to  be  quickly 
deployed,  with  a  high  level  of  scalability.  It  can  typically  be 
shown  that  Broadband  Fixed  Wireless  is  a  clear  winner 
over  wireline  access  technologies,  particularly  in  markets 
where  the  “take  rate”,  or  penetration,  is  moderate. 
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Abstract 

Over  the  past  five  years,  there  has  been  an  explosion  in  the 
opportunities  accessible  to  incumbent  and  emerging  wireless  service 
providers.  Fueled  by  large  amounts  of  new  spectrum,  the  availability 
of  financing  and  a  strong  demand  for  service  offerings  that  can  be 
effectively  served  with  wireless  technology,  carriers  have  installed 
wireless  access  networks  to  provide  both  narrowband  and 
broadband  services  to  residential  and  business  customers.  While  the 
business  prospects  for  these  carriers  remain  quite  positive,  the 
challenges  of  competition  and  technology  evolution  is  beginning  to 
play  a  more  and  more  important  role.  For  example,  with  multiple 
competitors  serving  many  service  areas  and  coverage  no  longer  a 
significant  differentiator,  mobility  wireless  carriers  are  wrestling 
with  multiple  complex  business  decisions  dealing  in  large  part  with 
service  deployment  and  technology  modernization.  This  talk  will 
provide  an  overview  of  the  wireless  services,  technologies,  and 
serving  arrangements  being  considered  followed  by  a  description 
and  demonstration  of  a  software-based  technology/business  analysis 
tool  used  by  carriers  to  address  this  area. 

Keywords 

"Wireless;  Mobile  Wireless,  Cellular,  Personal  Communication 
Services  or  PCS,  3G,  MMDS,  LMDS,  Strategic  Wireless  Analysis 
Tool  (SWAT)  " 

1.  Introduction 

The  emergence  of  a  truly  competitive  market  in  telecommunications 
brings  with  it  new  headaches  and  opportunities.  This  is  particularly 
true  for  the  mobile  sector,  where  3-6  operators  often  have  viable 
networks  -  and  ready  access  -  to  desirable  subscribers.  Carriers 
have  come  to  the  realisation  that  services  and  the  new  technology 
necessary  to  deploy  these  services  are  critical  factors  in  the  path  to 
business  success.  Wireless  carriers  can  no  longer  just  focus  on 
gaining  market  share.  They  need  to  address  questions  such  as: 

What  are  desirable  new  technology,  service,  or  architecture 

approaches?  When  and  where  should  they  be  deployed? 

How  can  we  get  more  from  an  existing  system  or  license? 

What  is  the  best  way  to  migrate  to  2G+  or  3G? 

Which  strategy  will  be  profitable  for  us? 

What  might  our  competitors  do? 


Which  solutions  are  profitable  and  minimize  risk? 

What  happens  when  assumptions  change? 

Given  the  large  capital  requirements  involved,  carriers  are  finding 
that  a  closer  link  between  business/financial  planning  and 
engineering  is  needed  to  make  sound  decisions.  The  talk  will  use 
SWAT  (Strategic  Wireless  Analysis  System),  a  software  based 
planning  tool  developed  by  Telcordia,  to  discuss  the  complex  nature 
of  the  problems  being  addressed  and  the  methodology  being  used  to 
solve  them. 

2.  Conclusions 

Competition  and  an  increased  focus  on  new  services  are  forcing 
changes  in  how  many  wireless  carriers  are  planning  their  future 
investments.  Carriers  are  finding  that  an  understanding  of  the 
complex  interactions  among  traffic,  capacity,  propagation, 
equipment  costs  and  operations  costs  are  needed  to  ensure  that 
economically  sound  decisions  are  being  made  and  that  they  are  not 
blindsided  by  competition. 
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Abstract 

For  fiber  and  cable  manufacturers,  it  is  important  to  estimate  the 
In  this  paper  we  examine  the  influence  of  cabling  processes  PMD  coefficient  of  the  fiber  link.  Using  the  Monte  Carlo  numeric 

(coloring,  tubing,  stranding  and  jacketing)  on  Polarization  Mode  method  [1]f  the  distribution  of  measured  PMD  for  cabled  fibers 

Dispersion  (PMD)  in  loose  tube  and  ribbon  cables.  Both  G652  and  has  been  used  t0  calculate  the  PMD  link  value.  The  theoretical 

G655  fibers  have  been  studied  to  observe  any  significant  differences  link- value  PMDq  gives  a  statistical  upper  bound  at  a  probability 

between  them.  level  of  10'4  for  the  PMD  coefficient  of  the  concatenated  fibers 

comprising  an  optical  cable  link . 

Moreover,  the  relationships  between  the  PMD  coefficients  of  un¬ 
cabled  and  cabled  fibers  have  been  determined  by  comparing  values 
for  cabled  fibers  to  initial  fiber  values. 

Finally,  PMD  measurements  have  been  performed  on  several  routes 
installed  in  different  areas  with  quite  different  environments  to 
investigate  the  influences  of  both  installation  and  environment.  The 
values  measured  on  installed  cable  routes  are  compared  to  the 
calculated  link  design  value,  (PMDq)  based  on  the  distribution  of 
PMD  measured  on  fiber  in  uninstalled  cable.  The  results  show  that 
the  PMD  link  value  reasonably  represents  practical  installed 
performance. 


Direct  Buried  Cable  Duct  Installed  Cable 

Figure  1.  Structures  of  loose  tube  cables  in  this  study 


1.  Introduction 

With  the  wide  application  of  10  Gbit/s  communication  systems, 

(PMD)  has  become  an  important  issue  in  both  high-quality  analog 
systems  and  high-speed  digital  systems,  as  high  PMD  values  may 
significantly  degrade  transmission  quality.  Over  the  past  few 
years,  many  papers  have  been  published  on  PMD  effects  on 
standard  single  mode  fiber  (G652)  in  loose  tube  cables.  However, 
there  have  been  only  a  few  studies  on  the  effect  of  cabling 
processes  in  ribbon  cables  and  on  non  zero  dispersion  shifted 
fibers  (G655)  in  loose  tube  cables.  There  are  also  few  studies  on 
the  effect  of  installation  on  PMD. 

The  phenomenon  of  PMD  is  caused  by  birefringence,  which  may 
be  the  result  of  either  intrinsic  or  extrinsic  stress.  This  paper  will  Figure  2.  Structures  of  ribbon  cables  in  this  study 

concentrate  on  the  effect  of  extrinsic  stress  on  PMD. 


Keywords 
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2.  Experiment 

2.1  Cable  Design 

The  results  of  this  study  were  obtained  from  fibers  and  cables 
supplied  to  commercial  networks.  The  loose  tube  cable  structures 
are  common  designs  employing  a  PC/PP  double  layer  tube  (see 
Figurel). 
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2.2  Measurement  Method 

Several  PMD  measurement  techniques  have  been  standardized. 
The  interferometric  technique  was  chosen  for  this  study  for  the 
following  reasons: 

•  Measurement  is  quick  and  simple 

•  Wide  dynamic  range 

•  Does  not  require  communication  between  the  input  and 
output  ends  of  the  fiber 

•  Portable  and  resistant  to  vibration 

In  this  study,  we  made  measurements  both  in  the  factory  and  in 
the  field.  This  method  is  well  suited  to  our  application.  An  EXFO 
FTB-300  (5500  analyzer)  test  set  was  employed  in  our  test.  Initial 
PMD  measurements  were  made  on  natural  fiber. 

Normally  there  are  4  key  steps  in  cable  manufacturing:  coloring, 
tubing,  stranding  and  jacketing.  PMD  measurements  were 
performed  following  the  tubing  process  and  following  the 
jacketing  process  (finished  cable).  This  is  because  the  fiber  is 
deployed  under  tension  after  coloring  (which  would  generate 
misleading  PMD  values)  and  is  essentially  in  an  unchanged 
deployment  after  both  stranding  and  jacketing. 

3.  Result  and  Analysis 

3.1  Effect  of  Cabling  Process  on  PMD 

3.1.1  G655  Fiber 

As  G655  ribbon  cables  are  rarely  used  in  China,  only  loose  tube 
cables  are  investigated  in  this  part  of  the  study.  Two  different 
fiber  sources  are  used,  denoted  A  and  B.  Fiber  A  and  B  are  both 
G655  fiber  with  large  effective  area.  Sample  A  was  supplied  from 
United  States  The  same  cable  design  and  manufacturing  process 
were  applied  to  each  fiber  type. 

As  shown  in  Figure  3  and  4. 

1 .  The  intrinsic  PMD  for  sample  A  is  lower  than  for  sample  B. 

2.  During  and  after  cabling  the  PMD  is  lower  and  more 
consistent  for  sample  A  which  has  lower  intrinsic  PMD.. 

3.  Fiber  with  an  intrinsic  PMD  above  or  around  0.1ps/kmAl/2 
is  more  sensitive  to  extrinsic  stress  (Similar  result  was 
reported  previously  [2] . 


Figure  3.  PMD  change  of  G655  (Sample  A)  fiber  in  cable 


Figure  4.  PMD  change  of  G655  (Sample  B)  fiber  in  cable 

3.1.2  G652  Fiber 
Loose  tube  cable 

All  G652  fiber  was  manufactured  by  the  same  source  as  sample  A 
of  G655  fiber. 

Figure  5  shows  PMD  change  during  the  loose  tube  cable 
manufacturing  process.  The  average  PMD  (geometric  mean)  of 
fiber,  tube  and  cable  is  0.034,  0.025,  0.041ps/Vkm  respectively. 
As  with  the  G655  fiber,  PMD  remained  stable  after  buffering,  the 
stage  at  which  PMD  is  lowest.  Some  samples  with  higher  fiber 
PMD  values  increased  more  dramatically  in  the  final  cable  but 
even  these  results  are  well  within  widely  accepted  industry  limits. 


Figure  5.  PMD  change  of  G652  fiber  in  cabling  process  of 
loose  tube  cable 

Ribbon  cable 

In  ribbon  cable,  the  result  is  a  little  different.  PMD  increased  after 
tubing,  then  typically  decreased  slightly  when  cabled  (although 
tube  and  cable  values  are  relatively  similar).  See  Figure  6.  The 
cabled  fiber  PMD  values  are  still  well  within  generally  accepted 
industry  limits  of  0.5  ps/Vkm  for  10  Gbit/s  operation 

The  different  PMD  relationship  between  the  tube  and  finished 
cable  for  loose  tube  and  ribbon  cables  is  explained  by  the 
different  strain  experienced  by  the  fibers  in  the  ribbon.  As  the 
ribbon  is  helical  stranded  in  the  buffering  tube,  and  once  the  tube 
is  stranded  around  the  central  element,  the  strain  on  the  ribbon 
decreases,  resulting  in  decreased  PMD.  See  Figure  7. 
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Figure  6.  PMD  change  of  G652  fiber  in  cabling  process  of 
ribbon  cable 


PMD  of  Fiber  PMD  of  Fiber  in  tube  PMD  of  Cabled  Fiber 


Figure  7.  Different  change  trending  of  the  cabling 
process  on  loose  tube  cable  and  ribbon  cable 

3.2  PMD  on  installed  cables 
3.2 . 1  G655  cables 

The  cable  route  for  this  experiment  is  located  in  northeast  of 
China,  crossing  mountains,  plains  and  rivers.  The  cables  are  64- 
fibre  hybrid  loose  tube  structure  consisting  of  48  G655  fiber  and 
16  G652  fibers.  There  are  8  tubes  with  8  fibers  per  tube. 
Installation  is  both  in  duct  and  direct  buried.  Five  cable  sections 
were  tested,  each  ~40km  in  length  (individual  cables  were 
typically  2km)  leading  to  240  data  points  for  the  installed  G655 
fiber.  Figure  8  shows  the  PMD  on  uninstalled  cables  and  installed 
cables.  There  is  no  significant  change  in  PMD  after  installation. 


|  M  D  on  installed  cable  1 _ 
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Figure  8.  PMD  of  G655  cable  before  and  after  installation 


Using  the  PMD  data  on  uninstalled  cable,  calculating  by  the 
Monte  Carlo  Method  (IEC/86C/265/CD),  the  PMD  link  value 
(PMDq)  was  obtained.  Figure  9  shows  the  comparison  between 
the  Monte  Carlo  distribution  and  measured  data  on  installed  links. 
The  Monte-Carlo  distribution  is  somewhat  tighter  than  the  actual 
installed  distribution.  PMDq  is  in  reasonable  agreement  with  the 
upper  limit  of  the  bulk  of  the  installed  PMD  values  although  the 
actual  maximum  measured  is  greater  as  this  value  lies  outside  the 
bulk  of  the  distribution. 
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Figure  9.  Comparison  of  PMD  between  Monte  Carlo 
distribution  and  measured  values  on  installed  links 


3.2.2  G652  loose  tube  cables 

PMD  was  measured  on  installed  cables  on  three  routes.  The 
results  are  shown  in  Table  1.  The  typical  cable  length  is  ~2km. 


Route 

No. 

Installatio 
n  method 

Cable 

Designe 

Total 

Length 

Max.  PMD 

(ps/kmAl/2) 

Average  PMD 

(ps/kmAl/2) 

1 

Duct 

32f 

70km 

0.173 

0.033 

2 

Duct  and 
bury 

64f 

(24f 

G652) 

200km 

0.149 

0.035 

3 

Duct  and 

bury 

64f 

70km 

0.150 

0.020 

Table  1.  Route  information  of  G652  fiber  experiment 


After  installation,  the  PMD  of  some  fibers  increased  slightly. 
However,  the  average  PMD  level  dropped,  as  shown  in  Figure  10. 
This  may  be  due  to  additional  strain  inducing  birefringence  on  the 
fibers  when  the  cable  is  wrapped  around  the  shipping  drum. 


0.0  1  0.0  3  0.0  5  0.07  0.0  9  0.1  1  0.1  3  0.1  5  0.1  7  0.1  9  0  .2  1 


Figure  10.  PMD  of  G652  cable  before  and  after 
installation 
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As  with  the  G655  fiber,  the  Monte  Carlo  distribution  was 
calculated  from  the  PMD  data  on  the  shipping  spools  and 
compared  with  the  measured  PMD  of  installed  links,  see  Figure 
11.  As  with  the  G.655  data,  PMDq  is  in  reasonable  agreement 
with  the  upper  limit  of  the  bulk  of  the  distribution  of  installed 
PMD  measurements  but  the  presence  of  some  outlying  data  makes 
it  lower  than  the  actual  maximum  measured  value. 


■PMD  Of  Installed  Links 


BMonte-Cario  Of  Shipped 


PMDq  =0.09 


001  0.03  0  05  0.07 
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Figure  11.  Comparison  of  PMD  between  Monte  Carlo 
distribution  and  measured  values  on  installed  links 


3.2,3  G652  Ribbon  Cable 

Ribbon  cable  was  not  installed  in  time  to  be  included  in  this 
study.  Instead,  a  single  2km  144  fiber-ribbon  cable  was  used  to 
simulate  installation  by  laying  the  cable  out  loosely  on  the  ground 
and  splicing  the  ribbons  to  each  other  to  generate  12  effective 
links  of  24km.  The  PMD  of  the  spliced  fibers  was  detennined 
and  the  results  are  in  Figure  12.  The  PMD  of  the  simulated  link  is 
dramatically  less  than  the  PMD  of  the  individual  sections  on  the 
shipping  drum.  Clearly  Monte  Carlo  method  would  significantly 
overestimate  the  upper  installed  PMD  in  this  situation. 


3.3  Additional  Experimentation 

From  above  tests  we  can  see  that  the  fiber  of  Sample  A  is  quite 
resistant  to  the  cable  manufacturing  process  and  installation, 
process,  particularly  the  G655  fiber.  To  further  prove  its 
resistance  to  adverse  deployment,  we  performed  two  additional 
experiments.  The  first  was  temperature  cycling,  the  second  was  to 
induce  the  bending  that  may  occur  at  a  splicing  box. 

•  Temperature  test 

A  24-fiber  loose  tube  G655  cable  of  sample  A  fiber  was  placed  in 
a  temperature  chamber.  The  cable  length  was  2km.  All  the  fibers 
of  each  cable  was  spliced  together  to  get  a  48km  link. 

The  chamber  was  set  up  with  a  temperature  sequence  of  20°C, 
-40°C,  +70°C  and  20°C.  The  PMD  of  the  spliced  fiber  link  at 
these  temperatures  is  shown  in  Table  2  with  the  additional 
attenuation  induced. 


20°C 

-40°C 

+70°C 

20°C 

Sample  A  PMD 

(Ps/kmAl/2) 

0.020 

0.024 

0.026 

0.027 

Additional 

Attenuation 

(dB) 

0.0 

0.0 

0.0 

0.0 

Table  2:  G655  fiber  performance  under  temperature 
change 

•  Bending  test 

This  experiment  was  carried  out  on  the  same  cable  as  the  previous 
temperature  test.  The  fiber  was  bent  in  a  progressively  smaller 
circle  from  5cm  to  3cm  diameter  at  the  side  of  each  splicing  point. 
Although  the  attenuation  increased,  the  PMD  was  not 
significantly  changed.  See  Table  3. 


Diameter 

PMD 

Attenuation  increase 

(ps/kmAl/2) 

1 3 1  Onm 

1550nm 

Initial 

0.055 

0 

0 

05  cm 

0.053 

0.001 

0.000 

04cm 

0.051 

0.000 

0.002 

03cm 

0.047 

0.002 

0.05 

Table  3:  The  change  of  PMD  and  attenuation  while 
bending 


As  previously  demonstrated,  sample  A  exhibited  good  resistance 
to  PMD  increases  from  environmental  changes. 


Figure  12.  The  PMD  of  ribbon  cable  before  and  after 
installation 
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4.  Conclusions 

G655  fiber  with  a  low  intrinsic  PMD  has  good  resistance  to 
external  change.  PMD  of  G655  fibers  with  a  higher  intrinsic 
PMD  will  be  less  resistant  to  external  influences. 

The  PMD  of  deployed  G652  fiber  is  typically  less  than  cable 
shipping  spool  PMD  although  some  may  be  higher. 


Monte  Carlo  method  is  a  reliable  way  to  predict  PMD  properties 
of  an  installed  link  of  loose  tubed  cable  although  some  links  may 
fall  outside  the  normal  range  of  the  distribution  and  exceed 
PMDq.  PMDq  may  be  overly  conservative  in  the  installation  of 
ribbon  cable. 
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Abstract 

The  PMD  performance  of  fiber  is  very  critical  for  high  speed 
DWDM  system.  To  take  the  advantage  of  PCVD,  we  studied  and 
optimized  the  preform,  fiber  and  cable  fabricating  process,  and 
achieved  low  PMD  for  G655  fiber  by  PCVD  process. 

Keywords 

PMD;  G655  Fiber;  PCVD  Process 

1.  Introduction 

In  DWDM  telecommunication  and  analogue  system,  PMD 
performance  is  a  very  difficulty  issue  because  it  is  random  and 
very  difficulty  to  compensate.  PMD  is  the  synthetic  result  of  fiber 
birefringence  and  fiber  mode  coupling.  It’s  sensitive  to  the 
environment.  Outside  pressure  brought  from  cabling,  installing 
and  temperature  varying  can  make  the  asymmetric  core  worse. 
Therefore,  to  reduce  PMD  during  fiber  fabrication  is  the  key 
solution. 

2.  Fiber  preparing 

2.1  PCVD  process 

Plasma-active  Chemical  Vapor  Deposition  (PCVD)  is  known  as 
its  high  deposition  efficiency  of  doped  silica  together  with  the 
precise  control  of  the  refractive  index  profile  in  preform  making. 
During  the  process,  the  desired  gas  mixtures,  a  combination  of 
SiCL4,  GeCL4,  C2F6  and  02  are  fed  into  the  substrate  tubes  at  a 
special  low  pressure.  A  moving  non-isothermal  plasma  area  is 
generated  inside  the  tube  by  a  microwave  (2.45GHz).  Reactions 
are  stimulated  and  deposition  of  the  desired  glass  components  on 
the  inner  wall  of  the  substrate  tubes  occurs  in  this  plasma  area. 
During  deposition  the  substrate  temperature  is  kept  constant  at  a 
temperature  at  about  1200  °C  by  a  stationary  furnace  over  the 
whole  unit.  In  the  PCVD  process,  the  microwave  energy  required 
to  maintain  the  plasma  and  to  stimulate  the  reactions  is  coupled 
directly  into  the  gasphase  without  influenced  by  heat  transfer 
problem.  So  the  transverse  speed  of  the  resonator  can  be  high,  and 
the  deposition  layer  is  very  thin  (micron  thickness),  which  makes 
the  profile  accurate  and  precise. 

2.2  Refractive  Index  Profile  of  LEA-NZDF 

The  RI  profile  of  LEA-NZDF  is  usually  parabola  with  multi 
claddings  to  present  characters  for  high  rate  and  big  capacity 
transmission  (Figure  1).  The  refractive  index  and  diameter  of  the 
core  and  ring  are  fixed  to  give  a  reasonable  character.  The  higher 
refractive  index  on  the  core  and  complex  RI  profile  distribution 
increase  the  difficulty  of  making  circular  and  homogeneous 


tension  preform,  therefore,  PMD  of  LEA-NZDF  is  relatively 
harder  to  decrease. 


Figure  1.  RI  profile  of  LEA-NZDF(preform) 

2.3  Preform  Preparing  by  PCVD 

The  most  directly  way  to  reduce  PMD  is  to  manufacture  fiber  with 
its  core  as  circular  as  possible  and  stress  in  both  redial  and  axial 
directions  as  homogeneous  as  possible.  The  core  circularity 
includes  geometrical  circularity  and  optical  circularity,  and  they 
are  mostly  determined  by  the  even  deposition.  During  deposition, 
gas  pressure  inside  deposition  tube  is  kept  low  to  guarantee  the 
uniform  distribution  of  gas  mixture  concentration.  The  gasflow  is 
carefully  controlled  by  MFC  to  keep  the  residence  time  of  the 
reactive  gas  in  the  plasma  zone,  constant  to  get  the  same 
deposition  yield  of  Si02  and  Ge02.  Different  MFC  are  also  used 
to  maintain  the  same  materials  structure  in  the  reactive  zone.  The 
applied  plasma  power  is  kept  stable  and  proportional  to  the 
deposition  rate,  no  any  power  varying  available.  The  deposition  is 
also  strongly  related  to  the  inner  wall  temperature  of  the  substrate 
tube,  so  beside  the  plasma  power,  the  stationary  furnace 
temperature  should  also  be  kept  constant.  The  even  deposition  is 
also  guaranteed  by  the  resonator  transverse  speed.  We  maintain  it 
to  make  it  stable  and  proportional  to  the  deposition  rate. 

Another  main  reason  causing  PMD  is  inner  stress.  It  is  well 
known  that  preparation  of  preform  is  always  associated  with  the 
generation  of  stress  because  that  different  doped  regions  forming 
the  core  and  the  cladding  usually  have  different  thermal  expansion 
coefficients.  To  reduce  the  stress  to  a  low  level  can  benefit  PMD 
at  the  following  process  steps.  Considering  this,  we  make  full  use 
of  the  advantages  of  PCVD  to  design  and  fabricate  preform  of 
LEA_NZDF.  Refractive  index  profile  is  specially  designed  and 
dope  at  the  interface  of  core  and  cladding  is  controlled  by  more 
accurate  deposition  to  make  the  profile  smoother,  therefore,  inner 
stress  is  decreased. 

At  the  collapse  step,  in  order  to  prevent  tube  deforming  we  adjust 
the  pressure  inside  and  outside  the  deposited  tube  to  get  a 
balanced  state.  If  there  is  tube  deformed  at  previous  process, 
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flame  is  used  to  reshape  that  deformed  part  and  inner  stress  is  also 
released  at  the  same  time.  Table  1  is  the  parameters  of 
LEA_NZDF  preforms  prepared  by  PCVD.  The  result  show  both 
geometrical  and  optical  parameters  are  improved  to  give  an  even 
waveguide,  so  is  low  PMD. 


Table  1.  Preform  parameters  in  three  directions 


d>clad 

Ocore 

A 

0° 

10.655 

5.037 

0.356 

120° 

10.653 

5.031 

0.354 

240° 

10.654 

5.028 

0.354 

Avg. 

10.654 

5.032 

0.354 

Std. 

0.001 

0.006 

0.002 

2.4  Fiber  Drawing 

During  the  drawing  process,  main  reason  causing  core  ellipticity 
and  asymmetric  lateral  stress  in  the  fiber  are  analyzed.  We  focused 
on  furnace  heat  zone  for  it  contributes  more  in  PMD  reduction.  A 
wide  heat  zone  can  provide  a  stable  and  homogeneous 
temperature  distribution,  so  the  dope  can  defuse  equally  in  radial 
direction  in  the  melt  state.  A  long  heat  zone  to  the  neckdown 
region  is  helpful  releasing  asymmetric  tension.  Figure  2- 1,2-2  are 
PMD  distribution  verse  furnace  diameter  (80mm,  60mm). 

High  drawing  temperature  is  helpful  for  PMD,  but  it  can  make 
attenuation  worse.  So  the  temperature  and  drawing  tension  should 
be  balanced  to  get  both  reasonable  PMD  and  attenuation. 

3.  Cabling  Process  Analyzing 

LEA_NZDF  with  low  PMD  fabrication  is  one  aspect  to  reduce  the 
link  PMD,  the  stability  of  PMD  performance  for  further  process 
such  as  cabling  process  up  to  installation  is  also  a  key  point.  We 
investigated  statistically  PMD  performance  on  drum  with  no 
tension,  coloring  process,  stranding  process  and  inner  sheathing 
process.  The  results  are  shown  on  Figure  3  ""-'Figure  6.  During  the 
cabling  process,  side  pressure  on  the  fiber  and  bending  can  be 
created  to  the  fiber.  Thus,  birefringence  and  mode  coupling  vary 
and  so  is  PMD.  The  figures  show  that  the  PMD  sensitivity  is  low 
and  therefore  PMD  keeps  stable  after  cabling. 

4.  Transmission  Experiment 

The  16xlOGb/s  WDM  transmission  was  successfully  conducted 
through  400km  LEA_NZDF  prepared  by  PCVD.  The  experiment 
setup  is  shown  in  Figure  7. 

The  parameters  of  the  experiment  system  are:  transmission  rate: 
9.95328Gb/s;  signal  pattern:  231-1  stochastic  pseudocode; 
BER<10'12;  wavelength  range:  1 548.5  lnm~l  560.6  lnm  with 
equal  space  channels.  The  eye  diagrams  after  transmitting  400km 
fiber  is  shown  in  Figure  8.  The  BER  performance  curve  at 
1550.92nm  is  shown  in  Figure  9. 

When  BER=10'10,  all  of  the  channel  penalty  is  less  than  l.OdB. 

No  impact  induced  by  PMD  was  observed  in  the  transmission. 


5.  Conclusions 

We  fabricated  LEA-NZDF  fiber  with  low  PMD  by  PCVD 
method.  Preform,  fiber  and  cable  processes  are  analyzed  and 
optimized.  As  a  result,  we  obtained  low  PMD  LEA-NZDF  fiber 
and  cable  and  the  link  value  of  PMD  is  low  (less  than  O.lps/  V 
km). 
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Fig  2-1  PMD  distribution  on  8Qrm  futrace 


Fig  2-2  PMD  distribution  on  60mm  furnace 
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Figure  2-1  PMD  distribution  of  80mm  furnace 
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Figure  2-2  PMD  distribution  of  60mm  furnace 


Figure  3  PMD  on  spool  and  on  drum(0g)  Figure  4  PMD  before  and  after  coloring 


Figure  5  PMD  on  spool  and  of  strand  fiber  Figure  6  PMD  on  spool  and  after  inner  sheath 
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75  km  75  km 


Figure  7  Scheme  of  the  160Gb/s  system 


01 

ISl 

Va 

V-’Mv 

•  \ijrd 

1  NlVJjil 

&VV:V-  : 

i 

Saw 

mam 

Figure  8  Eye  diagram  after  400km  (1550.92nm) 
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Figure  9  BER  performance  curve 
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Abstract 

The  design  of  communication  cable  systems  requires  that  the  best 
solution  be  found  for  several  competing  parameters.  Often,  a 
single  ideal  solution  is  not  obtainable  and  a  trade-off  must  be 
found.  A  means  of  visualising  the  solution  space  can  assist  in  this 
search,  as  can  computationally  efficient  search  methods.  This 
paper  presents  two  such  techniques:  evolutionary  computing 
(concentrating  specifically  on  genetic  algorithms);  and  "colour 
mapping"  for  visualising  the  space  by  mapping  independent 
parameters  into  a  colour  space.  These  two  techniques  are 
complementary.  Genetic  algorithms  are  computationally 
intensive,  simple  to  implement  and  can  cope  with  a  large  number 
of  variables.  They  have  shown  their  utility  in  other  fields,  but 
seem  to  under  utilised  in  cable  design.  Colour  maps  are  novel, 
computationally  simple  and  require  careful  selection  of  the 
mapping  functions.  They  are  suitable  for  a  limited  number  of 
independent  variables  but  provide  an  output  that  is  particularly 
intuitive. 


1  Introduction 

A  Genetic  Algorithm  is  a  means  of  solving  a  broad  class  of 
optimisation  problems.  For  example  finding  sets  of  input 
parameters  to  an  equation  or  numerical  model  that  give  rise  to  a 
desired  set  of  outputs.  This  is  an  approach  based  on  responding  to 
the  statement:  "We  will  know  the  answers  are  correct  when  we  see 
them,  but  we  are  not  sure  what  mix  of  input  variables  will  give  us 
these  answers".  The  Genetic  Algorithm  is  loosely  based  on 
Darwin's  Theory  of  Evolution,  and  specifically  how  this  evolution 
takes  place  in  the  cells  of  living  things.  The  algorithms  themselves 
have  been  well  researched  and  applied  to  other  areas  of  the 
engineering  field[l,2],  and  they  have  features  wich  make  them 
attractive  to  the  cable  design  community.  This  paper  aims  to 
explain  the  functioning  of  the  genetic  algorithm  and  suggests  its 
role  in  cable  design  and  manufacture. 

There  are  a  number  of  ways  of  solving  optimisation  problems: 
problems  in  which  the  best  value(s)  must  be  found  for  some 
variable(s).  In  many  cases  there  may  be  a  system  of  n  equations 
with  m  unknown  variables,  such  that  m  >  n ,  therefore  a  unique 
solution  may  not  exist;  the  purpose  of  the  Genetic  Algorithm  is 
then  to  find  the  one  or  more  families  of  variables  that  satisfy  the 
equations.  In  this  way  this  optimisation  is  a  process  of  searching. 
Examples  of  other  methods  available  for  the  solution  of  such 
problems  include  linear  programming,  hill  climbing,  simulated 
annealing,  and  purely  random  searches[3].  All  of  these  methods 
including  genetic  algorithms  have  their  own  benefits  and 
disadvantages.  In  order  to  present  a  balnced  picture,  the  next 
section  will  review  some  of  these  techniques  before  concentrating 
on  the  Genetic  Algorithm. 


2.  Optimisation  Techniques 

This  section  outlines  some  of  the  techniques  used  in  optimising 
solutions  to  equations,  or  optimising  numerical  models  all  these 
cases  there  is  some  measure  of  quality  of  the  proposed  solution, 
and  this  may  be  considered  to  be  the  solution's  fitness:  fitness  for 
the  purpose  to  which  the  equation  or  model  is  put  in  fact. 


2.1  Random  Searches 

Random  searches  are  simple  to  implement,  but  they  are  an 
inefficient  way  of  finding  a  solution  to  a  given  problem.  Basically, 
this  search  method  involves  taking  a  series  of  guesses  at  the 
solution,  until  a  satisfactory  solution  is  found.  Clearly  there  is  no 
intelligence  used  in  the  search;  results  from  one  attempt  provide 
no  "seed"  information  for  the  next  attempt  at  a  solution.  However, 
random  perturbation  can  be  helpful  in  other  searching  strategies, 
and  random  stimulation  is  even  advocated  in  the  discipline  of 
lateral  thinking,  to  provoke  another  train  of  thought  that  may  yield 
a  solution  to  the  problem[4].  Randomness  is  an  important  part  of 
other  searching  methods  such  as  Genetic  Algorithms  where  it  is 
used  in  the  mutation  of  genes  and  often  in  the  selection  of 
breeders,  and,  of  course,  in  the  creation  of  the  initial  population. 
An  example  would  be  finding  values  of  inductance  (. L )  and 
capacitance  (C)  in  a  tuned  circuit,  to  give  a  desired  resonant 
frequency.  A  random  search  would  simply  take  a  guess  at  L  and  C 
independently  until  two  values  were  found  to  give  the  correct 
answer. 


2.2  Linear  Programming 

Linear  programming  is  basically  a  graphical  method  for  use  in 
problems  where  the  equations  that  specify  the  problem  are  known 
and  are  linear  for  example  in  simple  mixing  problems.  The 
equations  are  expressed  as  lines  bounding  a  2-dimensional  area 
and  some  point  in  this  area  must  be  chosen  to  maximise  some 
property  such  as  profit.  So  the  best  solution  lies  on  the  boundary, 
usually  at  a  vertex  of  an  enclosing  polygon.  [5, 6, 7, 8]. 

For  this  class  of  problem  it  can  be  very  effective,  and  the  concept 
has  been  extended  to  nonlinear  programming,  but  there  are  many 
problems  whose  nature  is  very  hard  to  express  mathematically 
where  the  relationships  governing  performance  are  unknown,  and 
then  an  appropriate  heuristic  approach  is  needed. 


2.3  Hill  Climbing 

Hill  climbing  introduces  the  idea  of  a  solution  surface,  which 
covers  a  solution  space.  If  there  are  only  two  dimensions  to  the 
solution  space  this  is  like  a  hilly  landscape  where  the  "height"  of  a 
point  on  the  surface  is  a  measure  of  how  good  the  solution  is,  i.e. 
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its  fitness.  The  computer  can  only  examine  one  point  at  a  time, 
and  cannot  "see"  the  whole  space.  So  the  hill-climbing  algorithm 
is  to  move  to  another,  better,  solution  from  the  current  one  by 
only  going  in  a  direction  that  takes  you  "higher".  Higher  is  fitter. 
This  moving  higher  would  involve  testing  points  in  the  immediate 
neighbourhood  of  the  current  position  to  determine  the  best 
direction  of  travel.  In  practice  the  number  of  dimensions  of  the 
solution  space  is  determined  by  the  number  of  unknowns  in  the 
problem. 

This  technique  does  not  need  the  problem  to  be  specified  purely 
as  equations,  and  so  can  be  used  where  the  nature  of  the  problem 
is  not  clear,  but  a  solution's  quality  can  be  measured.  For  simple 
cases  where  the  surface  is  convex  such  as  the  tuned  circuit 
example  in  section  2.1,  this  method  is  adequate,  but  if  there  is 
more  than  one  hill  and  valley  in  the  landscape,  then  the  climber 
may  only  reach  the  top  of  a  small  hill,  and  not  find  the  mountain 
across  the  valley,  even  if  the  valley  is  shallow.  If  the  tuned  circuit 
is  modelled  so  as  to  include  third  resonances,  it  is  possible  that 
one  of  these  may  be  found,  completely  missing  the  fundamental 
resonance  actually  required. 

To  overcome  the  problem  of  finding  a  local  maximum,  or 
minimum  (the  climber  would  just  keep  going  downhill  to  find  a 
minimum),  random  stimulation  can  be  used.  In  this  case  you 
tolerate  moving  away  from  a  good  solution  in  the  hope  that  you 
will  find  a  better  solution  by  re-starting  the  search  elsewhere.  This 
leads  naturally  to  the  idea  of  simulated  annealing. 


2.4  Simulated  annealing 

When  metal  is  heated  and  allowed  to  cool,  the  crystal  structure  of 
the  metal  changes.  As  the  metal  cools,  the  vibrating  atoms  in  it 
tend  to  reach  a  configuration  with  minimal  energy  as  they 
continually  realign  themselves  with  their  neighbours.  Simulated 
annealing  regards  the  solution  space  as  being  at  a  given 
temperature,  and  a  point  is  allowed  to  move  about  in  this  space 
(vibrate)  due  to  this  temperature.  A  movement  towards  a  better 
solution  is  always  accespted,  but  a  move  away  from  a  good 
solution  is  only  accespted  peobabbalistically.  The  probability  of 
accepting  such  a  move  increases  with  temperature. [8,9]  In  this 
analogy,  energy  is  related  to  the  inverse  of  fitness,  so  that  minimal 
energy  means  maximal  fitness.  As  the  system  "cools"  (the 
vibration  decreases)  so  the  points  move  towards  the  minimal 
"energy"  states,  which  represent  the  best  quality  solutions.  This 
technique  has  been  successfully  applied  in  many  areas,  such  as 
coding  theory  [  1 0]  and  PCB  design  [11,12]. 

3  The  Genetic  Algorithm 
3.1  Operation 

The  genetic  algorithm  is  different  from  the  search  strategies 
discussed  above  because  it  is  not  based  on  a  model  of  motion  in  a 
solution  space,  but  it  is  based  on  a  biological  model.  Competing 
individuals  express  their  own  solution  to  the  problem  within  their 
"genetic  makeup",  and  they  are  allowed  to  breed  to  create  new 
offspring,  which  will  hopefully  benefit  from  the  mix  of  solutions 
(genes)  from  their  parents.  Less  fit  individuals  may  have  less 
chance  of  breeding,  and  their  genetic  lines  will  die  off  relatively 
quickly. 

The  makeup  of  an  individual  is  a  (proposed)  solution  to  the 
problem.  This  is  expressed  in  a  chromosome,  the  genes  of  which 
hold  the  parameters  subject  to  variation  which  may  yield  a 
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solution.  This  chromosome  is  represented  in  the  computer  as  a 
string  of  bits.  What  this  string  represents  depends  on  the  problem 
being  tackled:  binary  strings  can  represent  anything  in  a  computer 
so  it  may  be  representing  several  integers  or  floating  point 
numbers,  or  complex  numbers,  parts  of  a  parse  tree  (where  the 
solution  is  a  program)  or  even  a  series  of  characters  to  be  fed  to  an 
application.  The  manipulation  of  this  chromosome  as  a  genetic 
entity  takes  place  entirely  at  a  bitwise  level,  only  the  testing  of 
proposed  solutions  extracts  the  parameters  from  it  and  applies 
them  to  the  problem. 

Individuals  have  associated  with  their  chromosome  a  fitness. 
Flow  this  fitness  is  determined  is  problem  specific.  It  is  usual  for 
the  fitness  to  relate  to  the  breeding  chances  of  the  individual. 
This  reflects  the  cases  in  nature  where  only  the  fittest  dominant 
animals,  best  adapted  for  their  environment,  get  to  select  mates. 

The  process  of  breeding  is  where  two  individuals  copy  their 
chromosomes  and  align  the  copies.  They  then  exchange  parts  of 
these  chromosomes  with  each  other,  so  that  the  two  resulting  child 
chromosomes  have  components  from  each  parent.  This  is  called 
crossover.  Therefore  one  child  may  have  the  first  part  of  its 
chromosome  before  the  crossover  point  from  one  parent,  and  the 
rest  from  the  other  parent.  The  second  child  is  the  other  way 
around.  The  location  of  the  crossover  point,  is  selected  at  random, 
and  in  some  genetic  algorithms  there  may  be  more  than  one 
crossover  point. 

If  the  string  of  bits  is  now  regarded  as  a  collection  of  variables, 
then  some  variables  will  be  received  intact  from  one  parent  (those 
before  the  crossover  point),  and  some  will  be  received  intact  from 
the  other  parent  Therefore  most  of  the  variables  will  be  received 
intact  from  the  parents.  The  crossover  point  may  land  in  the 
middle  of  a  variable,  so  that  will  get  some  bits  from  one  parent 
and  some  from  the  other,  and  thus  will  be  a  new  value  (if  the 
variable  is  not  an  identical  value  in  both  parents).  Hence,  the 
location  of  the  child's  position  in  the  solution  space  jumps  relative 
to  that  of  the  parents.  This  overcomes  the  local  maximum  problem 
of  hill  climbing  by  avoiding  the  adherence  to  a  local  solution 
only,  and  is  in  some  ways  similar  to  a  random  search,  but  with  a 
priori  information  from  previous  searches  (the  parents). 

In  biological  systems,  occasionally  a  mutation  will  occur; 
sometimes  this  can  be  beneficial  for  the  species,  particularly  when 
the  species  is  under  evolutionary  stress.  In  genetic  algorithms 
mutation  is  achieved  by  altering  the  value  of  a  bit  (or  bits)  at 
random,  with  a  very  low  probability.  This  mutation  is  done  when 
the  new  individual  is  created.  Mutation  thus  performs  a  jump  to  a 
random  position  in  the  solution  space,  reaping  the  benefits  of 
random  stimulation  whilst  holding  on  to  the  directed  search  of  the 
genetic  algorithm.  It  is  important  to  realise  that  mutation  is  not  the 
main  agent  of  change  in  genetic  algorithms  or  in  nature,  but  that 
crossover  is.  That  is  why  mutation  rates  are  kept  reasonably  low. 
Allowing  the  mutation  rate  to  vary  when  more  change  is  necessary 
can  be  useful  particularly  when  the  diversity  of  the  population  is 
small,  but  change  in  the  environment  provides  an  evolutionary 
stressor. 

Computationally,  and  practically,  the  population  can  only  be 
finite,  and  there  must  be  some  means  of  imposing  this  limit. 
Commonly  the  least  fit  individuals  are  replaced  by  the  children,  so 
that  even  if  the  breeding  parents  are  selected  at  random  the  later 
generations  should,  overall,  be  fitter  than  those  before.  Clearly 
the  population  must  be  large  enough  to  ensure  genetic  diversity  is 
maintained,  whilst  being  small  enough  to  permit  timely  evolution. 

The  fitness  may  be  determined  on  a  one-by-one  basis,  each 
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chromosome  expressing  a  solution  to  the  problem.  Alternatively, 
if,  for  example,  the  problem  being  tackled  is  in  the  area  of  games, 
such  as  a  chess  playing  program,  then  the  individuals  may 
measure  their  fitness  against  the  whole  of  the  current  population. 
This  is  sometimes  known  as  tournament  selection  [1].  As  stated 
before,  the  fitness  may  be  used  to  select  which  individuals  breed. 
There  are  various  schools  of  thought  on  this,  one  is  that  only  the 
fittest  should  breed  [13,14],  and  one  is  that  a  random  selection 
biased  towards  the  fittest  should  be  used.  Alternatively,  an 
entirely  random  selection  procedure  could  be  used  and  the 
weakest  weeded  out  by  replacing  them  with  the  children  of  the 
breeders.  If  a  strong  ’’selectionist”  strategy  is  used,  so  that  only  the 
fittest  and  no  others  are  chosen  as  breeders,  then  the  population 
can  be  saturated  with  one  type  of  individual.  This  will  usually 
result  in  a  less  than  satisfactory  solution,  and  the  lack  of  genetic 
diversity  with  result  in  stagnation.  The  fitness  of  the  population 
will  not  improve.  This  can  be  worked  around  by  making  the 
mutation  rate  a  function  of  the  diversity  of  the  population,  so  that 
if  the  population  is  ’’saturated"  then  the  mutation  rate  increases.  If 
a  less  selectionist  strategy  is  used  convergence  will  take  longer. 


3.2  Factors  affecting  Performance  of  the  GA 

Variables  in  the  genetic  algorithm  which  can  be  modified  to  tune 
its  performance  are: 

•  The  population  size,  where  a  small  population  may  saturate 
with  one  chromosome  type,  or  take  many  generations  to  find 
a  solution.  A  large  one  may  take  too  long  for  each 
generation. 

•  The  chromosome  implementation:  how  the  problem  space 
isexpressed  in  the  implementation.  Here,  a  poor  design  of 
chromosome  may  lead  to  mutations  taking  individuals 
outside  the  solution  space.  Also,  if  the  chromosome  doesn't 
cover  the  solution  space  properly,  the  answer  will  be  less 
than  adequate;  for  example  if  the  chromosome  only 
represents  a  real  when  a  complex  number  is  needed  then  a 
G.A.  could  not  find  the  square  root  of  -1. 

•  The  number  of  breeders  per  generation,  where  too  few 
breeders  may  mean  the  convergence  to  a  good  solution  takes 
too  long.  Having  too  many  may  mean  that  good  solutions  in 
a  generation  may  only  get  one  "breeding  season"  before  they 
are  overwritten. 

•  The  mutation  rate,  if  too  high  will  result  in  damage  to  the 
offspring,  too  low  and  the  diversity  will  not  be  maintained. 

•  How  the  mutation  is  implemented 

•  How  the  breeders  are  selected  (The  fittest,  Monte  Carlo, 
etc). Too  much  opportunity  given  to  only  the  best  individuals 
will  result  in  the  population  saturating  with  the  current  best, 
so  the  GA  reaches  only  a  local  maximum,  and  does  not  pick 
up  valuable  traits  from  the  others  in  the  population.  Too 
weak  a  selection  criterion  will  result  in  slow  convergence. 

•  How  the  fitness  is  determined  (tournament,  etc). 
Tournament  selection  can  be  slow,  but  not  re-adjusting  a 
chromosome's  relative  fitness  could  lead  to  a  weak 
population. 

All  of  these  factors  have  no  clear  solution  and,  therefore, 
experience  and  some  trialing  is  beneficial.  It  may  indeed  be 
possible  to  optimise  the  performance  using  another  genetic 
algorithm  to  find  values  for  these  parameters. 


3.3  Colour  maps 

To  obtain  an  intuitive  grasp  of  the  solution  space,  some  means  of 
representing  it  is  necessary.  If  there  is  only  one  variable  then  the 
quality  of  the  solutions  may  be  represented  by  a  graph.  If  there  are 
two  dimensions  there  a  surface  plot  may  be  adequate.  Often  there 
will  be  more  variables  that  can  be  considered.  For  example,  the 
diameter  of  conductors  in  a  cable,  and  also  their  separation  will 
affect  the  impedance  of  the  cable  Z,  the  attenuation  a,  and  also  the 
return  loss  rl  Other  parameters  may  also  be  affected,  such  as  the 
manufacturing  cost,  the  minimum  bend  diameter,  and  the  weight. 

If  one  considers  the  first  three  electrical  characteristics  above  (Z, 
a,  r/),  it  is  clear  that  they  will  all  be  altered  simultaneously  as  the 
conductor  dimensions  and  spacing  change.  To  represent  three 
quantities  on  a  surface  plot  is  difficult,  but  since  the  human  eye 
can  respond  to  three  different  colour  stimuli  at  once  it  seems 
intuitive  to  assign  primary  colours  to  each  of  these  properties. 

There  is  a  large  body  of  work  on  colour  theory[16,17],  and  there 
are  a  number  of  computationally  intense  methods  of  representing 
colour.  For  the  purposes  of  interpreting  the  results  it  was  clear  that 
an  additive  form  of  colour  was  needed,  so  that  components  that 
together  contributed  to  the  fitness  could  be  seen  to  be  adding  up 
to  give  that  fitness.  Whilst  the  HSV  colour  system  is  more 
intuitive,  the  colour  system  supported  by  our  printing  language 
and  by  the  visual  display,  is  the  RGB  (Red,  Green  and  Blue) 
colour  space.  This  is  computationally  simpler  though  it  is  device 
dependent,  but  as  can  be  seen  from  the  results,  this  is  not  a 
significant  problem. 

It  can  be  seen  that  the  way  these  colours  mix  give  identifiable 
regions  within  the  soloution  space,  which  are  immediately 
apprehended  by  the  eye,  since  segmeting  space  into  coloured 
regions  is  a  natural  operation  for  the  eye.  It  is  immediately 
obvious  where  the  best  performance  (denoted  by  the  whiter 
regions)  lies,  and  the  distribution  of  the  primary  colours  gives  an 
intuitve  feel  to  how  the  cable's  performance  is  affected  by  the 
variation  of  the  diameter  and  separation  parameters. 


4  Results. 

This  section  illustrates  the  implementation  of  a  relatively  simple 
GA  to  illustrate  its  application  in  a  problem  in  the  field  of  cable 
design. 


4.1  Shielded  Transmission  Line 

The  first  example  chosen  was  to  determine  suitable  dimensions 
for  a  shielded  lossless  transmission  line  so  that  it  would  have  a 
given  high  frequency  impedance. 

The  cable  has  2  inner  conductors,  of  radius  d ,  the  centres  of  which 
are  separated  by  a  distance  5.  The  internal  diameter  of  the  outer 
screen  is  D  and  the  dielectric  thickness  is  r.The  impedance  is 
given  by  [15]: 


z0=- 

In 

2  P 

(l  +  4p2)' 

tv) 

K 

[1  +  *  J 

1 6p4 

where 

p-7,  q  =  A  --120  0 

d  D  n 

The  GA  predicted  results  for  Z0  ~  100Q  for  a  cable  with  air 
dielectric.  Figure  1  illustrates  results  for  varying  the  number  of 
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breeders  for  various  population  sizes,  and  shows  the  cumulative 
number  of  successful  convergences  for  the  given  population  size. 
An  ideal  situation  would  be  where  there  was  successful 
convergence  for  every  number  of  breeders  (a  gradient  of  1  on  the 
graph).  It  can  be  seen  that  this  situation  is  approached  as  the 
population  size  increases.  It  is  also  clear  that  smaller  populations 
provide  fewer  convergent  solutions  in  general,  due  to  the  limited 
potention  of  the  smaller  gene  pool. 


Figure  1  Proportional  cumulative  count  of 
convergent  solutions  as  a  function  of  the 
number  of  breeder/population  size  for 
three  values  of  population  size. 


Figure  2  shows  p  versus  q  for  all  solutions  (including  the  non- 
convergent  solutions,  most  of  which  were  within  a  few  milliohms 
of  100 Q.  and  Figure  3  shows  p  versus  q  for  only  the  convergent 
solutions.  The  resulting  curve  is  clear,  as  are  the  non-convergent 
solutions. 


Figure  2.  Solutions  for  a  shielded  cable  (including 
non-convergent  solutions)  for  100Q  operation 
showing  the  design  variables  £p’  and  £q\ 


A  genetic  algorithm  was  developed  in  C++  with  a  number  of 
assumptions  built  into  it  which,  while  actually  weakening  it, 
provided  further  evidence  to  the  robustness  of  the  method, 
because  the  technique  works  even  in  sub-optimal  circumstances. 
In  particular  the  random  number  generator  used  in  the  GA  was  not 
initialised  to  a  random  value  upon  startup.  This  allowed 
repeatable  trials,  but  meant  that  there  was  some  inherent  bias  in 
the  tests.  Also  the  mutation  function  would  only  alter  the  value  of 
one  bit  in  the  chromosome  at  any  time,  not  each  bit  with  equal 
probability  (in  which  case  more  than  one  could  be  mutated  at  one 
time).  Despite  this  the  algorithm  with  mutation  converged 
successfull  in  many  cases.  This  demonstrates  that  although  the 
impedance  equation  was  one  equation  in  two  unknowns  (p,  q,  to 
give  the  desired  Z0)  a  solution  was  still  found. 


Figure  3.  Reproduction  of  figure  2  (including  only 
convergent  solutions). 

The  problems  of  how  to  design  the  chromosome  are  well 
illustrated  here.  If  q  >  1  then  an  attempt  will  be  made  to  take 
natural  logarithm  of  a  negative  number,  if  p  <  1  then  the  two 
inner  conductors  will  touch.  Therefore  it  was  necessary  to  ensure 
that  the  binary  representations  in  the  chromosome  could  not 
produce  these  values  of  p  and  q.  This  was  achieved  by  a  linear 
mapping  from  p  to  p'  such  that  p’  =  (m  p  +  c),  choosing  m  and  c 
so  that p'  is  in  the  correct  domain;  similarly  for  q. 

Tests  were  run  for  this  equation  with  different  population  sizes 
and  number  of  breeders  per  generation.  The  results  broadly 
support  the  view  that  more  breeders  speeds  up  convergence,  that 
large  populations  converge  more  quickly  than  small  populations, 
and  that  even  when  convergence  took  more  than  the  expected 
time,  the  fitness  of  the  fittest  variable  was  still  fair  (less  than  one 
milliohm  out  in  most  cases). 

The  fitness  functions  for  impdance,  return  loss  and  attenuation  are 
displayed  using  a  colour  map  in  Figure  4. 


5  Other  Possible  Applications 

Genetic  algorithms  are  robust,  and  they  do  not  need  an  exact 


International  Wire  &  Cable  Symposium 


383 


Proceedings  of  the  49th 


description  of  how  to  solve  the  problem.  Provided  that  a  solution 
can  be  recognised  when  it  is  found,  they  lend  themselves  to  areas 
where  analysis  is  difficult. 

•  Simultaneous  Equations  with  TV  equations  in  TV  +  k 
unknowns.  The  equation  for  impedance  in  the  shielded  cable 
example  above  was  for  TV  =  1 ,  k  =  2. 

•  In  numerical  modelling  if  the  GA  is  to  evolve  a  model  being 
simulated,  then  the  fitness  of  the  simulation  could  be  tested 
at  intervals.  If  this  fitness  is  less  that  satisfactory,  then  the 
simulation  could  cease,  otherwise  it  could  continue  for  a 
more  accurate  result. 

6  Discussion  and  Conclusion 

This  paper  has  introduced  Genetic  Algorithms  in  the  context  of 
other  techniques  to  solve  problems  where  a  "good"  solution  may 
be  identified  but  the  input  variables  cannot  be  clearly  identified. 
Many  of  the  aspects  which  make  GAs  difficult  to  implement 
successfully  have  been  introduced.  A  specific  set  of  results  were 
presented  which  identified  the  design  ratios  for  the  familiar 
problem  of  a  shielded  transmission  line.  Additional  results  for 
varying  population  sizes  and  numbers  of  breeding  pairs  in  each 
generation  showed  how  the  effectiveness  of  the  GA  generally 
increases  as  these  two  increase,  however  there  is  a  clear 
observation  about  the  marginal  gains  of  constantly  increasing 
these. 

Providing  they  are  well  thought  out,  and  properly  implemented, 
Genetic  Algorithms  are  an  additional  powerful  weapon  in  the 
armoury  of  the  cable  designer. 

A  technique  for  giving  an  overview  of  the  problem  space  has  also 
been  demonstrated,  using  colour  maps.  This  has  been  shown  to  be 
an  intuitive  means  of  grasping  the  interaction  of  a  number  of 
facets  of  the  problem. 


Figure  4  Colour  map  for  fitness  functions,  red  = 
ZOJ  green  =  RL,  blue  =  a.  Fitness  is  proportional  to 
colour  intensity  where.  X  axis  is  t  and  Y-is  S. 
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Abstract 

Dispersion  compensating  fibre  module  (DCM)  is  widely  used  to 
upgrade  the  existing  G.652  fibres  to  DWDM  long  distance 
transmission  system.  The  figure  of  merit  (FOM)  of  DCM  becomes 
very  important  for  transmission  system  performance.  An  efficient 
way  to  improve  the  FOM  of  DCM  is  to  decrease  the  splice  loss 
between  DCF  and  SMF.  If  we  use  normal  splicing  parameters  to 
splice  them,  the  splice  loss  will  be  high  (about  0.5  dB).  Many 
experiments  have  been  done  in  order  to  make  clear  the  relations 
between  splice  loss  with  different  splice  parameters  on  a 
commercial  splicer.  Splicing  parameters  were  optimized  after 
analyzing  the  test  data.  Using  the  optimized  parameters  to  splice 
DCF  and  SMF,  the  splice  loss  can  be  decreased  to  just  above  0.1 
dB.  For  the  optimized  splicing  process  is  of  simple  and  fast,  so  it 
can  be  easily  applied  in  DCM  production. 

Keywords 

Dispersion  compensation  fibre;  single-mode  fibre;  splice; 
diffusion; 

1.  Introduction 

The  mode  field  diameter  (MFD)  and  refractive  index  profile  (RIP) 
of  DCF  are  much  different  from  that  of  SMF.  Generally,  the  MFD 
of  DCF  and  SMF  are  around  5.5  pm  and  10.5  pm  respectively  at 
1550  nm  window.  The  intrinsic  splice  loss  between  two  fibres  with 
different  MFD’s  can  be  calculated  with  the  butt-joint 
approximation  [1]. 

a  =  20  log  —  (— -+  — )  0) 

s  2  w2 

Where  Wi  and  w2  are  mode  field  radii  for  the  two  fibres  being 
mechanically  spliced.  The  calculated  splice  loss  between  DCF  and 
SMF  can  be  as  high  as  1. 0-2.0  dB.  If  we  use  normal  splicing 
parameters  to  splice  them,  the  splice  loss  will  be  around  0.5  dB. 
The  large  splice  loss  will  degrades  the  FOM  of  DCM. 

In  order  to  reduce  the  MFD’s  mismatch  of  two  fibres  or  fibre  with 
components,  many  works  have  been  reported.  The  first  way  is  to 
use  intermediate  fibres  (IMF)  between  two  different  fibres  [2,3,4]. 
Using  an  IMF  between  DCF  and  SMF  to  reduce  the  splice  loss 
was  also  reported  [2,4].  The  splice  losses  after  using  IMF  between 
DCF  and  SMF  were  still  about  0.4  dB.  Preparing  IMF  will  take 
additional  time  in  production.  The  second  way  is  to  use  core 
material  diffusion  technology  to  decrease  the  mismatch  between 
two  components  or  fibres  [1,5 ,6, 7, 8, 9].  Some  of  these  works 


focused  on  producing  a  taper  using  microtorch  and  electrical 
furnace.  It  is  not  easy  to  control  and  it  will  take  extra  time  if  we 
use  this  technology  in  DCM  production.  Directly  using 
commercial  splicer  to  do  the  core  material  diffusion  in  the  splicing 
process  between  DCF  and  SMF  has  not  been  reported,  so  we 
decided  to  do  some  research  on  this  aspect. 

2.  Principle  of  material  diffusion 

According  to  thermodynamics  theory,  material  diffusion  depends 
on  material  concentration  gradient  and  temperature.  We  can 
describe  it  using  the  following  formula. 

dn  -  -  D  dSdt  (2) 

dr 

The  formula  indicates  that  the  number  of  particles  (dn)  diffused 
through  surface  (dS)  within  time  (dt)  is  proportional  to  the 
material  concentration  gradient  (dC/dr).  Where  the  diffusion 
coefficient  D  is  defined  as: 

D  =  D0e^  (3) 

From  formula  (3)  we  know  that  diffusion  coefficient  D  increases 
exponentially  with  temperature  T.  That  means  increasing  diffusion 
temperature  can  greatly  shorten  diffusion  time  in  order  to  reach  at 
same  diffusion  effect.  When  we  use  a  commercial  splicer,  we  can 
increase  discharge  current  or  lengthen  discharge  duration  to 
increase  diffusion  temperature. 

It  is  well  known  that  most  single-mode  optical  fibre,  except  pure 
silica  core  fibres,  consist  of  a  pure  silica  cladding  and 
germanium-doped  silica  core.  Besides  germanium,  other  materials 
can  also  be  doped  in-or  in  the  surrounding  of  the  core  region,  such 
as  fluorine  for  depressing  the  refractive  index  profile  within  core 
or  in  cladding.  Different  dopant  materials  and  different  levels  of 
dopant  concentration  result  in  different  refractive  index  profiles  of 
the  fibres.  If  a  fibre  core  is  doped  including  fluorine,  the  diffusion 
speed  of  the  core  will  be  higher.  Generally  speaking,  a  high 
concentration  between  the  core  dopant  leads  to  high  refractive 
index  differences  between  the  core  and  cladding,  to  a  larger 
numerical  aperture,  and  to  a  smaller  mode  field  diameter.  With 
heat  treatment  (by  microtorch,  closed  electrical  furnace,  electrical 
arc  etc.),  the  dopant  material  of  the  core  tends  to  diffuse  into  the 
cladding.  Given  the  same  temperature  and  time  of  heating, 
different  fibre  designs  result  in  different  diffusion  speeds  of  the 
core.  For  example,  the  higher  the  dopant  concentration,  the  higher 
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the  diffusion  speed  that  can  be  obtained.  Thus  a  fusion  process  of 
some  duration  is  often  used  to  minimize  the  mode  field  mismatch 
of  two  fibres,  especially  when  DCF  with  high  dopant 
concentration  and  small  mode  field  diameter  are  to  be  spliced. 

The  germanium  concentration  in  the  fibre  core  of  DCF  is  higher 
than  that  of  SMF,  but  the  MFD  of  DCF  is  smaller  than  that  of  SMF. 
If  we  splice  these  two  fibres,  then  at  a  definite  discharging  time, 
these  two  MFD’s  will  become  nearly  same  as  the  theory  predict. 

From  the  above  analysis,  the  MFD  mismatch  can  be  decreased 
through  core  material  diffusion.  The  different  splice  parameters 
can  reach  a  nearly  same  material  diffusion  effect.  This  gives  us  a 
theoretical  feasibility  to  optimize  the  splice  parameters  appropriate 
to  DCM  production. 

3.  Experiments  and  results 

3.1  Experiment  set-up  and  splice  loss 
measurement 

We  used  a  commercial  optical  fibre  splicer  to  do  the  investigation. 
In  those  splicing  experiments  the  preheating  conditions  were  same. 
The  preheating  time  is  180  ms.  The  pre-fusion  discharge  current 
strength  is  70  units.  The  forward  time  is  40  ms. 

We  designed  an  on-line  monitoring  method.  It  can  be  used  to 
monitor  the  output  power  variation  in  the  whole  splicing  process 
[10].  The  splice  loss  measurement  accuracy  is  0.005  dB. 

3.2  Experiments  results: 

3.2. 1  The  relation  between  splice  loss  with  the  product 
of  discharge  current  and  discharge  duration ; 

We  have  done  experiments  to  investigate  the  relation  between  the 
splice  loss  and  the  products  of  discharge  current  and  discharge 
duration  in  order  to  find  some  rules.  The  results  are  shown  in 
Figure  1.  Here  we  set  E=  the  product  of  discharge  current  and 
duration. 


C~D  section:  If  E  value  becomes  larger  than  Ec,  the  splice 
loss  will  increase  again.  The  slope  of  C~D  section  is  smaller 
than  that  of  A~B  section.  This  can  be  explained  with  that 
with  E  value  increase,  the  concentration  gradient  will 
become  small  and  the  diffusion  speed  will  decrease.  If  the  E 
value  continue  to  increase,  the  new  MFD  mismatch  will 
emerge  due  to  the  inappropriate  discharge  condition. 

The  curve  in  Figure  1  is  a  typical  curve.  Different  discharge 
current  will  correspond  to  different  curve,  but  the  shape  of 
the  curve  is  similar,  only  the  minimum  splice  loss  and  its 
corresponding  E  values  are  different.  At  the  same  time  the 
slopes  are  different  too. 


Figure  1.  Relation  between  splice  loss  and 
products  of  discharge  current  with  discharge 
duration  (typical) 


•  We  can  divide  the  curve  into  three  parts:  down  part  (A~B 
section),  bottom  (B~C  section)  and  up  part  (C~D  section). 

•  A~B  section:  When  E  <  Eb,  the  splice  loss  between  DCF 
and  SMF  decreases  exponentially  with  E  increasing.  This 
accords  with  the  theory  prediction.  For  the  material  diffusion 
speed  increases  exponentially  with  the  temperature.  The 
diffusion  temperature  is  determined  by  the  function  of 
discharge  current  and  the  discharge  duration. 

•  B~C  section:  When  E  arrives  at  value  Eb  the  splice  loss  will 
reach  at  its  bottom  (B  ~  C  section).  This  means  the  MFD 
matches  each  other  at  this  section.  In  B~C  section,  all  of  the 
splice  loss  can  be  accepted  for  production,  this  gives  us  a 
great  margin  to  optimize  the  parameters. 


3.2.2  The  relation  between  the  splice  loss  with  the 
discharge  current  (!) 

From  Figure  2  we  see  that  in  a  certain  range  (Ih~Ii)  of  the 
discharge  current,  the  splicing  loss  decrease  with  discharge  current 
increase  under  same  discharge  duration. 

•  If  I  <  Ih  (less  than  10  units),  no  matter  how  long  the 
discharge  duration  is,  the  fibres  can  not  be  spliced  together 
(of  course  this  is  an  extreme  situation).  For  this  reason  the 
splice  loss  at  a  small  discharge  current  are  nearly  same 
because  the  two  fibres  have  not  been  spliced  together. 

•  If  I  >  Ii  (larger  than  80  units),  even  the  discharge  duration  be 
short,  the  large  current  discharge  will  generally  fuse  the 
fibres  ends  apart.  Despite  at  sometimes  the  fibres  can  be 
splice  together  at  the  condition  I  >  Ii,  the  tensile  strength  of 
the  fibre  splice  will  be  ruined.  From  the  LCD  monitor  on  the 
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splicer  we  can  see  that  the  fibre  joint  have  been  deformed  by 
the  strong  current. 

•  If  Th  <  I  <  Ii,  the  mechanical  strength  of  the  fibre  splice  will 
be  fine.  It  is  suitable  for  our  parameter  selection.  From  the 
figure  we  can  see  that  using  stronger  discharge  current  can 
shorten  the  MFD  mating  time  and  is  easy  to  arrive  low  splice 
loss. 

•  We  can  reach  the  same  splice  loss  through  two  ways:  one  is 
using  stronger  discharge  current  (such  as  around  70  units) 
and  shorter  discharge  duration.  The  other  way  is  using  lower 
discharge  current  and  longer  discharge  duration.  For  the  two 
ways  have  nearly  same  effect  on  the  splice  loss,  this  give  us 
a  space  to  accommodate  the  spicing  parameters  to  different 
situation. 


Figure  2.  The  relation  between  splice  loss  and 
discharge  current  (typical) 

3.2.3  The  relation  between  the  splice  loss  and  the 
discharge  duration 

We  investigated  the  relation  between  the  splice  loss  and  the 
discharge  duration  under  the  same  discharge  current.  For  different 
fibres  with  different  MFD’s  the  results  are  little  different,  the 
typical  result  is  as  follows. 

•  The  splice  loss  decreases  fast  with  the  discharge  duration 
increase.  If  the  discharge  duration  increase  further  the  splice 
loss  will  stay  at  its  bottom.  With  the  discharge  duration 
increase  continuously,  the  splice  loss  will  increase  again,  (it 
looks  like  that  shown  in  Figure  1) 

•  If  the  current  is  relatively  high  (>  70  units),  the  long  time 
discharge  will  negatively  influence  the  splice  in  two  aspects: 


one  is  decreasing  the  splice  tensile  strength,  the  other  is 
deforming  the  splice  that  result  in  the  new  mismatch  of  fibre. 

•  The  unit  of  time  is  determined  by  the  fusion  temperature  and 
by  the  dopant  material  surrounding  the  core.  It  may  be 
seconds,  minutes.  Even  if  only  arc  fusion  is  used,  different 
values  of  the  discharge  current  can  lead  to  variations  in  the 
discharge  duration,  up  to  a  tenfold  increase  for  reaching  the 
minimum  splice  loss  point. 

•  If  the  splice  has  been  finished  with  suitable  splicing 
parameters  then  we  use  additional  discharge  to  anneal  the 
fibre  splice  and  the  discharge  current  is  not  strong  (below  20 
units),  it  will  have  no  evident  effect  on  splice  loss.  The  heat 
absorbed  from  the  discharge  is  not  enough  to  introduce  the 
additional  core  enlargement.  This  means  the  splice  is  stable 
when  the  splicing  process  is  finished. 

3.2.4  The  splice  parameters  change  with  the  different 
MFD’s  differences  ( A  MFD). 

We  chose  the  DCF  samples  with  different  MFD  to  splice  with 
SMF  in  order  to  investigate  the  influence  of  AMFD  on  the  splice 
loss.  The  results  are  as  follows. 

•  According  to  the  theory,  the  MFD’s  can  become  same  due  to 
the  core  material  diffusion.  This  means  for  different  DCF 
with  different  MFD,  the  minimum  splice  loss  will  be  nearly 
same,  but  in  practice,  different  AMFD  will  yield  different 
minimum  splice  loss.  This  implies  that  core  material 
diffusion  can  not  solve  the  problem  completely;  the  splice 
loss  between  two  different  fibres  is  also  decided  by  other 
factors. 

•  Different  AMFD  related  to  different  product  of  discharge 
current  and  discharge  duration.  The  bigger  the  AMFD,  the 
bigger  the  product  E  should  be  applied.  That  is,  the  product 
E  increases  proportionally  to  the  AMFD. 

•  The  bigger  the  AMFD  is,  the  bigger  the  minimum  splice  loss 
is.  The  lower  discharge  current  is  more  suitable  for  DCF 
with  smaller  MFD  in  order  to  reach  its  lowest  splice  loss. 
For  example  if  70  units  discharge  current  is  suitable  for 
splice  DCF  with  MFD  about  5.3  pm,  then  normally  60  units 
discharge  current  is  suitable  for  splicing  DCF  with  MFD 
about  5.0  pm. 

4.  Conclusion 

A  splicing  technique  is  developed  and  implemented  in  a 
commercial  fibre  splicer  in  order  to  splice  DCF  and  SMF.  The 
MFD  mismatch  can  be  decreased  directly  by  the  discharge  in  the 
splicer.  The  splicing  parameters  are  optimized  for  different 
situations.  Using  it  we  spliced  SMF  and  DCF  and  the  splice  loss 
reached  just  above  0.1  dB.  For  the  optimized  splicing  program 
parameters  have  the  advantage  of  practical  and  convenient,  so  it  is 
suitable  for  DCM  production. 
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Abstract 

The  handling  of  optical  fibers  has  become  an 
important  issue  for  the  construction  of  optical 
communication  networks.  There  is  a  strong  requirement 
for  the  mechanical  reliability  of  a  fiber  to  be  maintained 
even  if  the  coatings  have  been  removed. 

SM-NSP  (Single  Mode  Non-Strippable  Primary 
coated)  fiber  has  been  successfully  developed  as  a  new 
type  of  fiber,  whose  glass  cladding  is  covered  with  a  thin 
hard-polymer.  The  NSP  layer  protects  the  cladding  surface 
from  unexpected  damage  and  enhances  the  mechanical 
reliability  of  the  fiber.  The  SM-NSP  fiber  is  designed  so 
that  its  geometrical  accuracy  and  optical  properties  are 
equivalent  to  those  of  conventional  SM  fibers  in  order  to 
have  interchangeablity  with  SM  fibers.  The  results 
indicate  that  the  mechanical  reliability  of  an  SM-NSP 
fiber  is  superior  to  that  of  an  SM  fiber,  especially  when 
the  coatings  have  been  removed.  The  results  also  indicate 
that  an  NSP  layer  remains  intact  throughout  a  fiber 
termination  process. 

Keyword:  NSP,  fiber,  reliability,  dynamic  tensile 

Introduction 

Recently,  there  has  been  a  rapid  spread  of  optical 
fiber  networks  throughout  the  world,  and  most 
communication  wires  have  been  replaced  by  optical  fibers 
in  the  long-distance  communication  field.  Furthermore,  in 
order  to  obtain  a  high  capacity  and  high-speed  data 
communication,  many  optical  communication  systems  have 
been  developed  for  short  distance  transmission  such  as 
wiring  in  a  building,  wiring  among  buildings,  connecting 
communication  units  and  connecting  optical  inboard  units. 
With  these  developments  in  optical  communication  systems, 
new  optical  connectors  (a  fiber  physical  contact  connector 
[1,2],  a  crimp-type  connector)  and  new  techniques  of 
optical  inboard  wiring  [3]  have  been  proposed.  These  new 


methods  are  aimed  at  making  the  optical  connecting  process 
simple  and  inexpensive. 

However,  these  improvements  in  connection  methods 
have  let  to  increase  in  fiber  density  around  a  transmission 
unit.  Since  a  bare  fiber  whose  outer  coatings  have  been 
stripped  off  has  greatly  reduced  mechanical  strength  due  to 
a  physical  contact  and  to  the  stripping  process  itself,  great 
care  should  be  taken  when  handling  a  bare  fiber  during  a 
termination  operation  process  in  order  to  maintain  the 
reliability  of  a  communication  system  with  high  fiber 
density. 

In  order  to  preserve  the  mechanical  strength  of  a  fiber 
during  and  after  a  termination  process,  we  have  developed  a 
new  type  of  optical  fiber  called  SM-NSP  (Single  Mode 
Non-Strippable  Primary  coated)  fiber,  whose  cladding 
surface  is  covered  with  a  thin  polymer  (NSP)  layer.  As  the 
NSP  layer  consists  of  a  hard  polymer  that  is  not  easily 
removed,  the  mechanical  reliability  of  an  optical  fiber  can 
be  maintained  during  a  stripping  process  by  the  protective 
effect  of  the  NSP  layer. 

In  this  report,  we  describe  the  structure  and  the  size 
accuracy  of  an  SM-NSP  fiber.  The  mechanical  reliability 
and  optical  properties  under  various  environmental 
conditions  are  also  described. 


Design  of  SM-NSP  Fiber 

A  schematic  cross-section  view  of  an  SM-NSP  fiber 
is  shown  in  Figure  1.  The  SM-NSP  fiber  is  coated  with  a 
thin  polymer  of  5  pm  in  thickness  directly  on  cladding 
glass  of  115  pm  in  diameter.  An  epoxy  ultraviolet-curable 
resin  that  has  firm  adhesion  to  the  glass  cladding  is  used 
as  the  NSP  layer. 

The  NSP  diameter  (125  pm)  is  the  same  as  that  of  a 
conventional  SM  fiber.  Since  the  NSP  layer  is  very  thin,  it 
has  little  effect  on  fiber  structures  such  as  concentricity 
and  non-circularity.  Furthermore,  the  mechanical  strength 
of  SM-NSP  fiber  is  similar  to  that  of  a  conventional  SM 
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fiber  because  the  mechanical  strength  depends  on  the 
cross-section  of  glass  fiber. 

The  SM-NSP  fiber  is  also  designed  so  that  the  MFD 
(mode  field  diameter),  the  core/NSP  concentricity  and  the 
NSP  non-circularity  are  equivalent  to  those  of  an  SM  fiber. 
The  reason  for  designing  the  structure  of  the  SM-NSP 
fiber  to  be  the  same  as  that  of  an  SM  fiber  is  due  to 
consideration  of  an  interchangeability  for  connection  and 
splicing  with  an  SM  fiber.  As  in  the  case  of  an  SM  fiber,  a 
soft  layer  and  a  hard  layer  are  coated  on  the  NSP  layer, 
making  the  outer  diameter  240pm. 


NSP  layer  125  pm 


Fiber  115  pm 


Outer  coatings  240  pm 
(soft  &  hard  layer) 


Figurel  Schematic  cross-section  of  an  NSP  fiber 


Experiment 

Size  Accuracy  of  SM-NSP  Fiber  Geometry 

The  size  accuracy  of  the  geometry  of  a  prepared 
SM-NSP  fiber  is  described  in  this  section  [4].  Histograms 
of  the  NSP  diameter  and  the  core/NSP  concentricity  are 
shown  in  Figures  2  and  3,  respectively.  As  shown  in 
Figure  2,  the  median  value  and  standard  deviation  of  the 
NSP  diameter  were  125.0  pm  and  0.08  pm,  respectively. 
These  values  can  be  considered  to  be  of  the  same  accuracy 
as  those  of  an  SM  fiber.  The  maximum  value  of  the 
core/NSP  concentricity  shown  Figure  3  was  less  than 
0.5  pm.  These  measurement  results  suggest  that  the  NSP 
fiber  can  be  prepared  with  high  geometric  accuracy. 

Data  on  SM-NSP  fiber  geometry  are  summarized  in 
Table  1  together  with  data  on  MFD  and  NSP 
non-circularity.  The  reference  data  in  Table  1  are  general 
specifications  of  an  SM  fiber.  As  can  be  seen  Table  1,  the 
MFD  and  the  NSP  non-circularity  of  prepared  NSP  fiber 
also  satisfy  the  general  specifications. 


Figure  3  Histogram  of  core/NSP  concentricity 


Table  1  SM-NSP  fiber  g 

leometry 

Parameter 

Unit 

Reference  *1 

Median 

Standard  deviation 

MFD  at  1.31  pm 

pm 

9.3  ±0.5 

9.2 

0.02 

NSP  diameter 

pm 

125.0  ±  1.0 

125.0 

0.08 

Core/NSP  concentricity 

pm 

<0.8 

0.3 

0.08 

NSP  non-circularity 

% 

<  1.0 

0.2 

0.10 

*1  These  are  general  specifications  for  an  SM  fiber 
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Dynamic  Tensile  Properties 
of  an  SM-NSP  Fiber 


Plastic  blade 


Dynamic  tensile  tests  were  performed  to  investigate 
the  protective  effect  of  the  NSP  layer  on  the  cladding 
surface  of  SM-NSP  fiber  and  SM  fiber.  Test  samples  of 
125  pm  in  diameter  were  prepared  [5].  These  bare  samples 
were  prepared  by  mechanically  stripping  outer  coatings  of 
40  mm  in  length  off  the  middle  part  in  sample  fibers.  The 
mechanical  stripping  was  performed  with  a  newly 
developed  fiber  stripper,  which  is  described  in  the  next 
section. 


Fiber  Stripper 

Since  a  conventional  fiber  stripper  consists  of  a  metal 
blade,  the  NSP  layer  would  be  easily  damaged  during  a 
stripping  process  using  a  conventional  fiber  stripper,  and 
the  NSP  may  no  longer  have  a  protective  effect.  In  order 
to  avoid  such  damage,  a  new  fiber  stripper  consisting  of  a 
pair  of  polymer  blades  has  been  developed.  A  diagram  of 
this  tool  is  shown  in  Figure  4.  The  outer  coatings  of  the 
NSP  fiber  are  crushed  between  the  plastic  blades  and  can 
be  removed  by  sliding  the  tool  along  the  fiber.  The  NSP 
layer  is  not  transformed  during  a  stripping  process 
because  the  polymer  blade  is  softer  than  the  NSP  layer. 
This  fiber  stripper  can  also  be  used  for  a  conventional  SM 
fiber. 

Dynamic  tensile  test 

The  dynamic  tensile  tests  were  carried  out  in  an 
environment  of  23 °C  and  50%RH.  The  strain  rate  and 
gauge  length  used  in  these  tests  were  10%/min  and  200 
mm,  respectively. 

The  Weibull  plots  for  the  dynamic  tensile  tests  are 
shown  in  Figure  5.  The  median  value  and  the  md  value  for 
each  test  are  also  shown  in  Table  2.  In  the  case  of  fibers  of 
240  jam  in  diameter  with  outer  coatings,  the  median  value 
of  failure  stress  was  about  4.6  GPa  for  both  the  SM-NSP 
fiber  and  SM  fiber,  as  shown  Table  2.  The  values  of 
these  fibers  were  also  similar  (about  100).  These  results 
indicate  that  the  addition  of  an  NSP  layer  to  the  optical 
fiber  does  not  cause  degradation  of  fiber  strength. 

On  the  other  hand,  in  the  case  of  fibers  of  125  pm  in 
diameter  without  outer  coatings,  there  were  remarkable 
differences  between  the  SM-NSP  fiber  and  SM  fiber,  as 
shown  in  Figure  5.  The  failure  stress  of  the  SM-NSP  fiber 
of  125  pm  in  diameter  was  similar  to  that  of  the  SM-NSP 
fiber  with  outer  coatings.  In  addition,  it  is  reasonable  to 
assume  that  there  was  no  degradation  of  mechanical 
strength  of  the  SM-NSP  fiber  due  to  the  high  value  of  md 
(60).  On  the  other  hand,  in  the  case  of  the  SM  fiber  of  125 
pm  in  diameter  without  outer  coatings,  the  failure  stress 


Figure  4  Fiber  stripper 
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Figure  5  Weibull  plots  of  SM-NSP  and  SM  fiber 


Table  2  Weibull  parameter 


Samples 

Median 

(GPa) 

md 

SM-NSP  fiber  of  240  nm 

4.62 

105 

SM-NSP  fiber  of  125  \aa*2 

4.63 

60 

SM  fiber  of  240  pm 

4.67 

99 

SM  fiber  of  125  pm*2 

3.18 

4 

*2:  Mechanical  stripping  of  outer  coatings  of  40  mm  in 
length  off  the  middle  part  in  samples  of  240  pm 


was  widely  dispersed  and  the  mechanical  strength  was 
obviously  degraded. 

As  mentioned  above,  Figure  5  and  Table  2  clearly 
show  that  the  SM-NSP  fiber  maintains  its  mechanical 
reliability  because  the  NSP  layer  remains  intact 
throughout  the  stripping  process  and  protects  the  glass 
cladding  even  after  the  stripping. 
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Heat-resistance  tests 


In  the  termination  process  of  an  optical  fiber,  a 
bare  fiber  stripped  of  its  outer  coatings  is  adhered  to  a 
connector  with  a  heating-curable  adhesive.  When  an 
SM-NSP  fiber  is  used  as  an  optical  communication  wire 
instead  of  a  conventional  SM  fiber,  the  NSP  layer  might 
be  heated  during  this  process.  Heat-resistance  tests  were 
therefore  performed  on  SM-NSP  fibers. 

Heat-resistance  test 

Figures  6  (a)  and  (b)  show  changes  in  the  NSP 
diameter  and  core/NSP  concentricity,  respectively,  at 
temperatures  of  85,  100  and  125°C.  Test  samples  of 
NSP  fiber  of  125  jam  in  diameter  without  coatings  were 
heated  in  a  constant-temperature  oven,  and  the  structure 
of  the  fiber  was  checked  at  one-hour  intervals. 

As  can  be  clearly  seen  in  Figures  6  (a)  and  (b), 
the  NSP  geometry  did  not  change  significantly  even 
after  heating  to  125°C  for  3  hours.  Since  an  optical 
adhesive  is  usually  cured  by  heating  up  to  125°C  for  a 
few  10  minutes,  it  is  concluded  that  an  NSP  fiber  can  be 
terminated  by  a  conventional  process  without  any 
damage  to  the  NSP  layer. 

Use  of  a  hot  stripper 

In  a  fiber  ribbon  stripping  process,  which  is  one 
of  the  indispensable  processes  for  constructing  an 
optical  transmission  unit,  the  outer  coatings  of  the 
fibers  are  heated  and  pulled  out  along  the  fiber  by 
applying  side  pressure.  When  a  fiber  ribbon  constructed 
of  NSP  fibers  is  terminated,  the  NSP  layer  would  be 
deformed  by  this  heating  and  side-pressing  process. 
Thus,  deformation  of  an  NSP  layer  during  a  ribbon  strip 
process  is  discussed  in  this  section. 

Samples  of  8-fiber  ribbon  constructed  of  NSP 
fibers  were  experimentally  prepared.  These  fiber 
ribbons  were  stripped  of  their  outer  coatings  using  a 
conventional  ribbon  stripper  at  temperatures  of  1 00  and 
150°C.  The  operation  time  was  20  seconds. 

Figures  7  (a)  and  (b)  show  the  NSP  diameter  and 
core/NSP  concentricity  after  stripping,  respectively. 
These  figures  clearly  show  that  the  distributions  and 
averages  of  the  NSP  diameter  and  core/NSP 
concentricity  after  heated  stripping  are  equivalent  to 
those  of  NSP  fibers  shown  in  Table  1.  These  results 
therefore  indicate  that  the  NSP  layer  was  not  deformed 
by  using  a  fiber  ribbon  stripper. 


(b)  Core/NSP  concentricity 

Figure  6  Results  of  Heat  resistance  test 


(a)  NSP  diameter 


Figure  7  Results  of  Hot  Stripper  test 
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Environmental  Properties 
of  SM-NSP  Fiber 

We  also  investigated  the  effect  of  the  NSP  layer  on 
the  optical  properties  of  the  fiber.  The  test  conditions  and 
measurement  results  are  shown  in  Table  3.  The 
fluctuations  at  a  wavelength  of  1.55  pm  were  measured 
with  OTDR  continuously  during  the  tests. 

The  fluctuations  in  transmission  loss  were  less  than 
0.02  dB/km  in  all  of  the  tests.  In  addition,  no  difference  in 
transmission  loss  was  observed  between  the  SM-NSP 
fiber  and  SM  fiber.  These  results  suggest  that  an  NSP 
layer  does  not  influence  the  transmission  loss  due  to  its 
small  thickness. 


termination  and  in  the  hot-stripping  process  of  a  fiber 
ribbon.  These  results  suggest  that  the  SM-NSP  fiber  can 
be  used  in  a  conventional  optical  boarding  process. 
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Table  3  Environmental  properties  (@1.55  pm) 


Test  conditions 

Fluctuations  of 
transmission  loss 
(dB/km) 

SM-NSP 

fiber 

SM 

fiber 

Temperature  cycling 
(-40  to  80°C,  30  cycle) 

0.02 

0.02 

Temperature  and  humidity  cycling 
(-10  to  65°C  -93%RH  x  20  cycle) 

0.02 

0.02 

Temperature  and  humidity 
(+80°C  -95%  RH  x  300  hr) 

0.01 

0.01 

Conclusion 

We  have  developed  a  new  type  of  fiber  (SM-NSP 
fiber)  that  is  thinly  coated  with  a  polymer  of  5  pm  in 
thickness  on  glass  cladding.  The  geometry  of  the  NSP 
diameter,  core/NSP  concentricity,  MFD  and  NSP 
non-circularity  for  the  SM-NSP  fiber  were  accurately 
prepared.  Therefore,  the  geometry  of  the  SM-NSP  fiber 
sufficiently  satisfies  the  general  specifications  of  an  SM 
fiber. 

The  NSP  layer  plays  an  important  role  in 
maintenance  of  the  mechanical  reliability  of  the  fiber  by 
protecting  the  glass  cladding  even  after  the  outer  coatings 
have  been  stripped  off.  The  results  of  dynamic  tensile  tests 
showed  that  there  was  almost  no  degradation  of  the 
mechanical  strength  of  the  SM-NSP  fiber.  Comparison 
with  the  mechanical  properties  of  an  SM  fiber  showed  that 
the  SM-NSP  fiber  had  much  better  mechanical  reliability 
due  to  the  effect  of  the  NSP  layer.  The  results  also  showed 
that  the  SM-NSP  fiber  is  stable  in  various  environmental 
conditions  as  is  an  SM  fiber. 

Furthermore,  the  NSP  layer  was  not  deformed  by 
heating  and  side  pressure,  operations  used  in  fiber 
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Abstract 

The  multimedia  field,  as  typified  by  the  Internet,  is  presently 
undergoing  remarkable  growth  in  terms  of  information  volume 
and  optical  fiber  networks  are  being  rapidly  set  up  throughout  the 
world.  With  this  rapid  establishment  of  networks,  optical  fiber 
cables  are  being  increasingly  laid  directly  in  fields,  in  sewerage 
systems,  and  in  adverse  environments  such  as  mountainous  areas. 
The  requirements  for  using  optical  fiber  cables  under  such 
circumstances  include  water  resistance,  corrosion  resistance, 
reliability,  and  strength  for  protection  from  wildlife  such  as 
rodents  as  well  as  from  trees.  We  have  developed  a  48-core 
optical  fiber  cable  consisting  of  twelve  4-fiber  ribbons  in  a 
stainless  pipe  with  an  outside  diameter  of  5  mm,  for  application 
under  such  adverse  environments.  In  this  paper,  we  describe  the 
optical  characteristics,  mechanical  characteristics,  and 
environmental  characteristics  of  the  developed  cable,  and  also 
demonstrate  that  the  cable  is  more  advantageous  than  the  slotted 
type  and  plastic  loose  tube  type  cable  through  comparison  in 
terms  of  cost  effectiveness.  With  regard  to  rodent-proofing,  we 
conducted  experiments  using  real  rats  to  verify  that  the  stainless 
pipe  itself  has  sufficient  strength. 

Keywords 

Optical  fiber  cable;  stainless  pipe;  rodent  proof;  optical 
characteristics;  mechanical  characteristics;  environmental 
characteristics. 

1.  Introduction 

With  the  swift  popularization  of  the  Internet,  more  optical  fiber 
cable  networks  are  now  being  rapidly  constructed  throughout  the 
world.  Accompanying  this  progress,  optical  fiber  cables  are  being 
laid  more  frequently  under  a  variety  of  severe  environments  and 
higher  strength  is  therefore  required  as  a  cable  characteristic.  On 
the  other  hand,  reduction  of  the  overall  costs  of  cable  network 
construction  is  also  a  major  issue.  In  terms  of  reducing  not  only 
the  cost  of  cable  but  also  that  of  cable  construction,  various 
aspects  such  as  higher  density  installation  space  and  shorter 
installation  time  have  been  discussed  so  far  and  there  have  been 
increasing  demands  such  as  for  the  use  of  smaller  diameter  cables 
and  weight  reduction.  In  most  cases  where  such  a  high-strength 


cable  characteristic  is  required,  slotted  type  or  loose  tube  type 
cables  have  been  used  up  to  now  with  a  wrapping  of  metal  tape  or 
the  application  of  a  corrugated  structure  to  them  for 
reinforcement.  However,  these  cables  have  resulted  in  an  increase 
in  overall  costs  because  of  their  higher  prices,  larger  outside 
diameters,  and  greater  weight.  To  solve  these  problems,  we 
evaluated  a  prototype  48 -core  optical  fiber  cable  that  employs  a 
high-density  packaging  technique  in  which  the  optical  fibers  are 
directly  inserted  into  a  high-strength  stainless  pipe,  and  verified 
that  the  cable  has  superior  characteristics  and  cost  effectiveness. 

2.  Cable  Structure 

Figure  1  and  Table  1  show  the  structure  of  the  newly  developed 
cable,  and  Table  2  lists  the  characteristics  of  the  packaged  optical 
fiber.  SM  type  250  fx  m  optical  fiber  is  used,  and  machined  as  a  4- 
core  fiber  ribbon  of  0.3  mm  in  thickness  and  1.1  mm  in  width  to 
reduce  the  splicing  cost.  The  stainless  pipe  has  an  outside 
diameter  of  5.0  mm  and  a  thickness  of  0.3  mm.  It  is  internally 
treated  with  waterproofing  jelly  and  is  equipped  with  twelve  4- 
fiber  ribbons  (48  fibers  in  total).  In  addition,  two  strength 
members  with  a  diameter  of  1 .0  mm  are  set  diagonally  to  increase 
the  allowable  tension,  and  the  structure  is  covered  with  an 
anticorrosive  polyethylene  sheath.  This  structure  provides  a  high 
ratio  of  the  cross-sectional  area  of  the  4-fiber  ribbons  to  the  area 
of  the  stainless  pipe,  accounting  for  30% 


Figure  1.  Cross-section  of  the  48-core  optical 
fiber  cable  of  stainless  pipe  structure 
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Table  1.  Cable  structure 


Number  of  Fiber 

48 

Fiber  ribbon 

4-fiber  ribbon  X  8 

Stainless  pipe  diameter 
(Inner/Outer) 

4.4mm/5.0mm 

Strength  member 

1.0mm  steed  rodX2 

Cable  diameter 

9mm 

Cable  weight 

lOOkg/km 

Table  2.  Fiber  construction 


Fiber  type 

SMF  (ITU-T  G652) 

Mode-field  diameter 

9.3±0.5jam 

Cladding  diameter 

125  —  1  ji  m 

Primary  coating  diameter 

250±15/i  m 

Proof 

1%,  lsec 

4-fiber  ribbon  dimension 

0.3mmX  1.1mm 

3.  Optical  Performance 

3.1  Change  in  optical  attenuation  during 
manufacturing  process 

Figure  2  shows  the  change  in  optical  attenuation  during  the 
manufacturing  process.  As  seen  from  the  figure,  there  is  no 
significant  increase  in  optical  attenuation  during  the  process  from 
the  fiber  through  cable  manufacturing.  The  value  is  satisfactory 
and  remains  stable. 


Fiber  Coloring  Ribbon  Stainless  Cable 

pipe 

Manufacturing  process 


Figure  2.  Change  in  optical  attenuation  during 
the  manufacturing  process 

3.2  Fiber  strain 

Table  3  show  the  results  of  measuring  the  strain  of  manufactured 
optical  fibers  using  BOTDR(Billion  Optical  time  Domain  Reflect 
Meter).  All  of  the  test  fibers  (24  fibers  in  total)  at  both  ends  of 
each  4-fiber  ribbon  were  measured.  The  results  of  the 
measurements  confirmed  that  the  strain  remaining  in  the  optical 
fiber  is  very  small  and  that  the  newly  developed  cable  structure 
provides  high  reliability  in  optical  fiber  life. 


Table  3.  Fiber  strain  (%)  of  the  cable 


(Wound  on  drum,  diameter=400mm) 


Strain  (max) 

Strain  (min) 

0.015% 

0% 

3.3  Temperature  characteristics 

Figure  3  shows  the  results  of  a  temperature  cycling  test  after  cable 
manufacturing.  The  test  was  conducted  with  a  cable  wound 
around  a  drum  of  400  mm  in  diameter,  within  a  test  temperature 
range  of  -30°C  to  +70°C  in  two  cycles.  As  in  the  case  of  the 
optical  fiber  strain  measurements,  all  of  the  optical  fibers  at  both 
ends  of  the  installed  4-fiber  ribbon  were  loop-connected  for 
measurement.  Good  test  results  were  obtained,  confirming  that 
each  fiber  had  a  very  small  change  in  optical  loss  of  less  than  0.05 
dB/km. 


Figure  3.  Temperature  cycling  test 


4.  Mechanical  Characteristics 

Table  4  shows  the  results  of  mechanical  characteristics  tests  such 
as  tensile  strength,  bending,  crush,  impact,  squeezing,  torsion,  and 
water  penetration.  The  results  of  these  tests  confirmed  that  the 
newly  developed  cable  meets  the  general  requirements  for  all 
mechanical  characteristics  of  optical  fiber  cables  in  Japan.  Figures 
4  and  5  show  the  results  of  the  crush  test  and  impact  test.  With 
regard  to  the  allowable  limits  in  these  tests,  we  confirmed  that  the 
mechanical  strength  of  the  cable  was  about  3  times  higher  in  the 
crush  test  and  about  five  times  higher  in  the  impact  test  than  the 
general  requirements  listed  in  Table  4.  We  also  conducted  a 
rodent-proofness  test  for  one  week  using  eight  rats.  Figure  6 
shows  the  test  results.  We  found  that  the  polyethylene  sheath  was 
considerably  damaged  but  the  stainless  pipe  was  somewhat 
scratched  on  its  surface  only.  There  was  little  deterioration  in 
mechanical  strength. 
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Attenuation  increase(dB) 


Table  4.  Result  of  mechanical  test 


Test  item 

Test  methods 

Result 

Tensile  strength 

2670N 

No  loss  increase 

Bending 

Bending  diameter  1 0D 

No  loss  increase 

Crush 

Length:  100mm 

Load  :  1 960N 

No  loss  increase 

Squeezing 

Wheel:  R250mm 

Angle  :  120  ° 

Load  :  1470N 

No  loss  increase 

Impact 

Weight:  1kg 

Height:  lm 

No  loss  increase 

Torsion 

Angle:  ±  90  °  /m 

Length:  lm 

No  loss  increase 

Water 

penetration 

Height  of  water:  lm 
Length  :3m 

Time  :24H 

No  water  flow 

Lateral  pressure  (kN/1  00mm) 


Figure  4.  Crush  test 


Hammer  weight(N) 


Figure  5.  Impact  test 


Figure  6.  Rodent-proofness 


5.  Dimensional  and  Cost  Comparison 
with  Other  Optical  Cables 

Figure  7  shows  a  comparison  of  outside  diameter,  weight,  and 
manufacturing  cost  between  the  high-strength  slotted  core  optical 
fiber  cable  and  loose  tube  type  optical  fiber  cable  with  steel  tape 
armoring,  and  the  developed  cable.  Figures  8  and  9  show 
structural  diagrams  of  the  compared  cables.  As  a  result  of  the 
comparison,  we  found  that  the  cable  outside  diameter  could  be 
reduced  by  about  25%  and  the  cable  weight  by  40%  compared  to 
the  slotted  and  loose  tube  type  cables,  and  that  the  manufacturing 
cost  was  almost  the  same  as  the  loose  tube  type  and  20%  less  than 
the  slotted  structure. 


Cable  diameter  Cable  weight  Manufacturing 

cost 


Figure  7.  Dimensional  and  Cost  Comparison  with 
Other  Optical  Cables 


Figure  8.  Cross-section  of  the  48-core  slotted 
optical  fiber  cable  with  tape  armor 
type 


Figure  9.  Cross-section  of  the  48-core  loose  tube 
optical  fiber  cable  with  tape  armor  type 
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6.  Conclusions 

We  developed  a  48-core  optical  fiber  cable  consisting  of  twelve  4- 
fiber  ribbons  in  a  stainless  pipe  of  5  mm  in  outer  diameter, 
clarified  its  optical,  mechanical,  and  environmental 
characteristics,  and  made  economic  comparisons  with  slotted  type 
cables  and  plastic  loose  tube  type  cables  to  verify  its  advantages. 
We  will  conduct  various  field  tests  of  the  developed  cable  to 
further  confirm  its  reliability. 
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Abstract 

Optical  distortion  distribution  was  evaluated  using  an 
optical  fiber  having  fiber  gratings  (FBG:  Fiber  Bragg 
Grating)  incorporated  in  an  optical  fiber  cable.  The  cable 
has  an  oval  structure  allowing  the  cable  to  bend  only  in  one 
way.  The  fiber  for  a  distortion  measuring  have  FBGs  with 
different  wavelengths  fabricated  periodically  on  a  single 
fiber.  The  slotted  rod  incorporating  FBG  fabricated  optical 
fiber  is  an  oval  structure  having  an  X-Y  stiffness  ratio  of 
5*1.  Linear  slots  incorporate  the  fibers  to  be  in  one 
direction.  Using  this  as  the  core,  a  covering  tape  layer  is 
wound  and  a  polyethylene  sheath  is  covered  over  to  be 
made  into  an  oval  structure.  The  bending  distortion  can  be 
controlled  by  the  placements  of  FBGs  and  also  by  the  way 
the  fiber  is  secured.  We  were  successful  in  locating  the 
place  of  distortion. 
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1.  Introduction 

Recently,  longitudinal  distortion  sensing  is  being  studied 
using  communication  optical  fiber  cables  or  optical  fibers. 
These  sensing  methods  use  various  scattering  light  from 
the  optical  fiber.  For  example,  when  using  the  Raleigh 
scattering,  distortion  is  detected  by  the  loss  value  from 
strain  applied  to  the  optical  fiber.  This  method  enables  a 
qualitative  evaluation  but  it  is  not  quantitative.  On  the 
other  hand,  when  using  the  Bourillian  scattering,  a 
quantitative  evaluation  is  possible  by  evaluating  the 
Bourillian  shift  when  strain  is  applied  to  the  optical  fiber, 
but  a  distance  resolution  of  a  few  meters  exists  which  is 
restricted  by  the  pulse  width  of  the  light  source  used  for 
the  evaluation.  In  comparison,  with  a  cable  incorporating 


an  optical  fiber  with  FBGs,  strain  is  measured  with  the 
resolution  of  spaces  between  FBGs  and  allows  distortion 
sensing  according  to  various  usage,  [l]  This  method  also 
allows  high  speed  distortion  measurements  by  simul¬ 
taneous  observation  of  each  FBG  reflection.  In  this  paper 
we  introduce  a  distortion  sensing  cable  using  FBGs  and 
the  observations  of  distortion  when  the  cable  was  bent. 

2.  Cable  design 

For  distribution  measurement  of  strain  applied  in 
minute  areas,  the  sensing  cable  structure  must  be  uniform 
lengthwise.  In  optical  fiber  cables  for  communication  the 
optical  fibers  are  placed  symmetrically  in  the  cable  with 
the  cable  core  in  the  center  to  prevent  as  much  strain  as 
possible.  It  is  also  designed  to  enable  smooth  core 
movement.  On  the  other  hand,  the  distortion  sensing  cable 
requires  a  different  design  as  its  purpose  is  to  sense  the 
strain  applied  on  the  outside  as  it  is,  at  the  optical  fiber. 
For  the  cable  design,  the  cable  cross  section  was  made  oval 
so  that  the  cable  would  bend  in  only  one  direction.  A 
difference  was  made  in  the  stiffness  in  the  X,Y  direction. 
The  strength  member  was  a  small  sized  stranded  steel 
wire  to  maintain  the  flexibility  of  the  cable.  To  the  cable 
center,  it  is  an  unsymmetrical  tight  structure  without 
stranding.  As  a  result  of  this  design,  the  cable  can  bend 
easily  in  one  direction  allowing  the  distortion  to  the  cable 
to  be  transmitted  directly  to  the  optical  fiber. 

3.  Cable  structure 

Figure  1  shows  the  cross-section  of  the  cable.  FBGs  with 
different  reflecting  wavelengths  were  placed  evenly  on  an 
optical  fiber.  The  fiber  was  incorporated  linearly  in  a  slot  of 
the  oval  slotted  rod.  The  covering  tape  was  wound  over  and 
the  polyethylene  sheath  was  applied  evenly.  The  longer 
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Reftectbn  Power  (dBm) 


Fig.1  The  cross-section  of  the  cable 
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Fig.2  Structure  of  fiber  grating  fabrication  system 


outer  diameter  of  the  cable  was  20mm,  the  shorter  was 
10mm.  For  flexibility  an  1.2mm  stranded  steel  wire  was 
placed  in  the  center  as  the  tension  member.  The  optical 
fiber  for  FBG  was  put  under  the  hydrogen  treatment  and 
irradiated  from  above  the  coating  with  a  Nd-YAG  laser 
fourfold  harmonic  wave  which  swept  over  a  phase 
mask. (see  Fig.2)  [2].  This  fabrication  method  prevents 
strength  deterioration  in  the  fiber.  [3]  Figure  3  shows  the 
reflected  spectrum  of  the  optical  fiber  with  FBGs.  In 
approximately  1.5nm  wavelength,  ten  FBGs  having  a 
different  reflected  wavelength  were  placed.  The  fiber  had  <5 
X  =  11.5  nm 1%  of  reflected  wavelength  shift  under 


strain.  The  relation  of  distortion  under  such  strain  and  the 
wavelength  shift  is  shown  in  Figure  4.  The  slotted  rod  was 
an  oval  structure  with  X-Y  stiffness  ratio  of  5  .  Table  1 

shows  the  bending  stiffness  of  the  slotted  rod. 

As  samples  we  prepared  a  cable  with  an  optical  fiber  core 
having  ten  FBGs  placed  evenly  on  a  50cm  length  which 
was  completely  fixed  in  a  slotted  rod  (sample  l),  and  a 
cable  with  an  optical  fiber  having  ten  FBGs  placed  in  a  ten 
meter  length  which  was  fixed  at  several  points  (sample  2). 


Fig.4  Strain  dependence  of  shift  in  peak 
wavelength 


Table  1  Bending  stiffness  of  the  slotted-rod 


Axial 

Radius 

(mm) 

Bending  stiffness 
(N-m2) 

X 

1  6 

1  . 

Y 

7 

0 

Fig.3  Reflection  spectrum 


4 .  Distortion  observation  system 

The  distortion  observation  system  is  shown  in  Figure  5. 
Light  is  transmitted  into  the  cable  through  a  3dB  coupler 
from  an  ASE  light  source.  The  reflected  light  from  the 
FBG  was  observed  by  a  optical  spectrum  analyzer.  The 
cable  before  bending  is  regarded  as  the  initial  state  and 
each  reflected  peak  wavelength  of  the  FBG  is  also 
regarded  so.  The  distortion  by  bending  was  obtained  from 
the  variation  of  each  reflected  peak  wavelength  and  the 
distortion  applied  to  each  FBG. 
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Fig.5  Distortion  observation  system 

5 .  Cable  characteristics 

With  the  sample  1  cable,  distortion  was  measured  using 
a  mandrel  to  make  a  550  mm  (j>  bend.  In  Figure  6  and 
Table  2,  the  reflected  wavelength  shift  and  the  distortion 
caused  by  the  bend  of  each  FBG  is  shown.  The  distortion  is 
distributed  evenly  and  in  a  stable  amount.  A  maximum 
distortion  of  0.9%,  a  minimum  0.6%,  an  average  of  0.8% 
was  observed.  Because  the  fiber  is  completely  fixed  in  the 
cable,  the  fiber  hardly  moved.  The  distortion  is  largely 
thought  to  be  due  to  the  strain  of  the  fiber,  caused  by  the 
length  from  the  cable  center  to  the  center  of  optical  fiber. 
As  the  bending  distortion  when  the  fiber  is  not  moving, 
the  calculated  value  was  0.9%  when  the  strain, which  is 
caused  by  the  length  from  the  cable  center  to  the  center  of 
optical  fiber,  was  taken  into  account.  This  value  matches 
well  with  actual  measurements. 

With  the  sample  2  cable,  one  point  in  the  cable  was 
lifted  to  make  the  bends  for  testing.  The  lifted  height  was 
0.5m  and  lm.  The  locus  of  the  cable  bend  made  by  the  lift 
formed  almost  a  sine  wave.  The  distortion  peak  was  the 
lifted  point  of  the  cable,  its  distribution  becoming  smaller 
as  it  became  farther  from  the  peak.  Figure  7  shows  the 
relation  between  the  spaces  of  fixed  points  of  the  FBGs, 
the  center  of  the  bend  and  a  point  that  is  1  meter  apart 
from  the  center  of  the  bend.  The  bending  distortion  when 
the  center  of  the  bend  was  lifted  up  one  meter  was  0.059% 
when  there  was  one  meter  between  fixed  points.  As  the 
spaces  between  fixed  points  was  made  larger,  the 
distortion  tended  to  become  smaller.  The  same  trend  could 
be  observed  when  0.5  m  was  lifted  and  a  maximum 
0.039%  was  obtained.  Furthermore,  at  pointsthat  were 
one  meter  apart  from  the  center  of  the  bend,  the  same 


trends  were  observed  though  the  distortion  was  smaller. 
From  these  results,  we  believe  that  it  is  possible  to  detect 
the  center  of  the  bends  and  by  optimizing  the  FBG  fixes  ,  it 
is  possible  to  locate  the  center  of  the  bends  and  its 
distortion  . 


Table.  2  Strain  on  FBGs 


FBGs 

Wavelength  Shift  of 
FBGs  (n 

Strain 

(% 

FBG1 

9 

0 

8 

FBG2 

9. 

3  2 

0 

8  1 

FBG3 

7. 

9  4 

0 

6  9 

FBG4 

1  0. 

2  4 

0 

8  9 

FBG5 

9. 

4  3 

0 

8  2 

FBG6 

7. 

8  2 

0 

6  8 

FBG7 

6. 

7  9 

0 

5  9 

FBG8 

8. 

1  7 

0 

7  1 

FBG9 

9. 

0  9 

0 

7  9 

FBG10 

7. 

8  2 

0 

6  8 

Fig. 6  Strain  for  FBGs 
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Fig.7  Bending  distortion  of  the  optical  sensor  cable 
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6 .  Conclusion 

Using  an  optical  fiber  with  FBGs  placed  every  1.5  nm 
wavelength,  an  optical  fiber  cable  with  an  oval  cross 
section  which  could  be  bent  in  only  one  direction  measured 
the  optic  distortion  distribution.  The  FBGs  were  fabricated 
on  high-strength  distortion  distribution  measuring  fiber 
from  above  the  coating,  and  incorporated  linearly  in  slotted 
rods  with  an  oval  structure  having  an  X‘Y  stiffness  ratio  of 
5  .  When  the  fiber  was  fixed  and  unable  to  move,  the 

observed  bending  distortion  was  a  large  0.9%  effected  by 
the  strain  of  the  fiber.  In  an  cable  that  was  not  entirely 
secured,  only  the  distortion 

of  the  fiber  was  observed  which  was  below  0.1%. 
Furthermore  we  observed  that  the  distortion  differed 
according  to  the  bending  point  of  the  cable,  and  found  that 
that  the  center  of  the  bend  could  be  located.  The  bending 
distortion  measurements  using  this  cable  depends  on  how 
the  fiber  is  fixed.  Though  further  examination  is  necessary 
for  a  quantitative  analysis,  it  is  useful  for  locating  the 
bending  place. 

We  believe  that  an  optimum  distorting  sensing  cable  is 
possible  by  changing  the  FBG  placements  and  how  it  is 
fixed  to  the  cable  according  to  usage. 
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Abstract 

rihh  f  0WnSized  dly  and  n°n-slotted  core  cable  with  fiber 

realized  cT  network  has  been  developed.  The  cable 

5?t  T'”8  8  ,6%  "  toieh,  *"d  ”"(*>  reduction  by 

Zrr  T  “*  by  ■  plastic 

cllS  , T "  n  C‘bh  bOT  “»  ™  «  and 

,B  h,sh  PC*~«"CC  on  various  requirements. 


Keywords 


ferial  Distribution,  Dry  and  Non-Slotted  Core,  Fiber 
Ribbons  and  Self-support 

1-  Introduction 

The  booming  demand  for  the  Internet  service  has  been 

spread  all  over  the  world  for  last  decade.  For  realization  of 

FTTH  (Fiber  To  The  Home)  to  meet  it,  low  cost  and  easy 

8  3enal  CabIe  has  been  required  W  Therefore  we 

—  th"  St™CtUre  of  conventional  self-supported  aerial 
cable,  and  developed  downsized  d™  o„4  , 

•  uuwnsizea  dry  and  non-slotted  core  cable 

n;,::bbons- in  tws  papen  the  cawe  *»& ^  various 

results  of  our  manufactured  cable  are  described. 


2.  Cable  design 


hi  I  and  Fig.  2  show  (h,  f 

developed  40-81*,  ,nd  48.fibe,  ^ 

™  Th'y  «  ..Jren 

jacket'co"  °°S'  f°”r  12  <iber  '“'re'"™1*'  Each  cable 

T,‘  "T  'be  aHer-shrinkage  of 

jacto  Ri«r  '  r  46  V“  «f.h« 

jacket.  Rtpcotds  at.  also  held  in  each  cable  jacket  tomake  ,,  a„ 

::;r;  Sheath  entry’  even  m  a  “^Pan  of  the  jacket  as  well 

the  6  ermma1'  Cable  COre  has  an  excess  length  (XSL)  against 
messenger  wire  (MW)  shown  in  Fig.3.  Cable  height  is  17 

Z  rht  13  015  k§/m’  S°  d«"g  by  36%  „  height 
nd  weight  reduction  by  57%  compared  with  the  convention! 
cable  with  slotted  rod  could  be  realized. 
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Fig.1  Newly  developed  40-fiber  cable 
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Fig.2  Newly  developed  48-fiber  cable 
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3.  Cable  performance 

The  following  evaluation  tests  have  been  conducted  on  the 
manufactured  40-fiber  cable  such  as  attenuation .  change 
manufacturing  process,  temperature  cycling  test,  vrbratron  test, 
mid-span  entry  test  and  various  mechanical  tests.  . 

3.1  Attenuation  change  in  manufacturing 

processes 

Attenuation  of  each  process  was  monitored  and  trace 
both  at  1310  nm  and  1 550  »».  The  ntsni.s  ate  shown  in  F*4.  As 
can  see  from  that,  srable  —ion  «■ 
throughout  the  proves  with  the  —  — »  °J5 

dB/kmat  1310  nm  and  0.20  dB/km  at  1550  nm. 


corresponding  to  the  ™ 

figure  also  shows  the  transmission  loss  change  at  1  nm  o 

cable  sample  to.  cyclic  temperature  Attenuation  change  during 
the  temperature  cyeling  test  was  small  enough  »  **  * 

distribution  purpose.  This  test  result  indicate  a 
manufactured  cable  provide,  stable  transmission  propen,  ranging 

from  -30C  to  70C. 


3  2  Temperature  cycling  test 

Temterature  property  was  also  investigated  between 
30C  and  «0C.  The  cable  was  wound  on  800  mm  »  diameter 
drum.  Transmission  loss  variation  due  to  temperattne  cycling  was 
continuously  monitored  a,  .  wavelength  .550  nm  For  dte 
accuracy  of  the  mermen,,  the  eight  fiber,  in  a  500  «  cab 
sample  were  fusion  spiiced  to  result  in  a  4.0  km  long  test  sample 
Lp  This  samp,.  >~P  was  than  subjected  »  heat  eye* 
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c-.n  Profiles  of  temperature  cycles  used  in 
Temperature  cycling  i*  and.ransnoiss.cn  loss 

change  at  1550  nm 
3.3  Vibration  test 

Vibration  test  was  conducted  on  our  cable  sample. 
The  setup  is  shown  in  Fig.  6.  The  cable  sample  was  installed 
between  poles  and  then  vibrated  with  the  severe  condition  as 
described  in  Table  1.  Very  little  movement  of  fiber  nb  ons  was 
measured  after  one-day  vibration  (Cycles),  **  -  « 
increased  after  ten-day  vibration  (106  cycles). 
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Fig.6  Setup  of  Vibration  test 


Table  1.  Vibration  test  conditions 


Items 

Conditions 

Span  length 

50m*2 

Stringing  tension 

764N 

(Strain  of  messenger  wire) 

(0.04%) 

Frequency 

3  Hz 

3.4  Mid-span  entry 

The  work  of  mid-span  entry  was  investigated  by 
monitoring  of  attenuation  change  at  a  wavelength  of  1550  nm.  It 
was  easy  to  pick  up  any  ribbons  after  dividing  the  cable  jacket 
into  two  pieces  with  ripcords.  It  took  only  two  minutes  to 
complete  the  work  and  no  attenuation  change  was  observed 
(<0.1dB)  during  the  process. 

3.5  Mechanical  properties 

Stable  properties  were  confirmed  on  various 
mechanical  tests  on  the  manufactured  cable  such  as  tensile  load, 
torsion,  repeated  bending,  squeezing,  crush  and  impact.  Test 
methods  were  based  on  IEC60794-1-2.  For  this  test,  the  eight 
fibers  in  the  manufactured  cable  sample  were  fusion  spliced.  The 
change  in  attenuation  was  continuously  monitored  at  1550  nm. 
From  these  tests,  it  can  be  seen  that  our  developed  cable  has 
excellent  properties  also  for  those  mechanical  requirements. 


Table  2.  Mechanical  properties 


Items 

Conditions 

Results 

Tensile  load 

Sample  length:  100  m 

Tensile  load:  3720  N 

<0.0  ldB 

Torsion 

Sample  length:  1  m 

Stringing  tension:  98  N 

<0.0  ldB 

Repeated 

Bending 

Sample  length:  5  m 

Bending  diameter:  320  mm,  160  mm 

Bending  angle:  1 80  degrees 

The  number  of  times:  10  cycles 

O.OldB 

Squeezing 

Sample  length:  100  m 

Stringing  tension:  1960  N 

Pulley:  a  diameter  of  500  mm 

Bending  angle:  90  degrees 

<0.0  ldB 

Crush. 

Plate  width:  100  mm 

Crushing  force:  1960  N 

<0.05dB 

Impact 

Mass  of  the  weight:  1  kg 

Height:  1  m 

0 

o .  | 

<0.0  ldB 
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3.6  Water  penetration 

A  1 -meter  static  head  was  applied  at  one  end  of  a  1 -meter 
length  of  the  manufactured  48 -fiber  cable  for  24  hours.  We 
confirmed  that  no  water  leaked  through  the  open  cable  end. 

4.  Conclusion 

Downsized  dry  and  non-slotted  core  aerial  cable  with  fiber 
ribbons  has  been  developed.  The  cable  realized  downsizing  by 
36%  in  height  and  weight  reduction  by  57%  compared  with  the 
conventional  cable  by  a  grooved  plastic  spacer.  We  confirmed 
that  it  was  easy  to  access  to  fibers  inside  even  in  a  mid-span  of 
the  jacket  and  that  the  cable  had  high  performance  and  high 
reliability  on  various  requirements  for  distribution  purpose.  We 
believe  the  cable  will  be  helpful  to  realization  of  FTTH  with 
increasing  speed. 
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Fiber  Strain  On  Field-Deployed  Aerial  Optical  Cables 
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Tel:  001-886-3-424-5767  E-mail:  CCT752440@CHTTLCOM.TW 


Abstract 

In  this  study,  two  self-supporting  modified  loose-tube  type  optical 
cables  were  manufactured  and  deployed  in  seasonal  windy  and 
seashore  mountain  humid  areas.  After  the  completion  of  field 
deployment,  attenuation  changes  of  the  cables  were  monitored  by 
Power  Meter  and  OTDR,  and  the  strain  distribution  of  the  fibers 
were  measured  by  a  Brillouin  OTDR.  The  results  showed  that  the 
overall  degradation  that  result  from  environmental  degradation 
and  mechanical  strain-stress  induced  degradation  did  not  or  not 
yet  appear  on  these  two  cables,  at  least,  under  one-half  year  of 
field  service. 

Keywords 

Self-supporting  optical  cable;  BOTDR;  strain 

1.  Introduction 

In  the  case  of  aerial  optical  cable,  stresses  due  to 
installation  stretching,  temperature  change,  and  gusty  winds 
especially  Typhoon,  are  added  to  the  optical  fibers  in  the  cable. 
These  stresses  degrade  the  reliability  of  the  optical  fibers  and 
cause  attenuation  increase.  Therefore,  many  papers  dealing  with 
the  structure  related  stress  release,  and  mostly  focusing  on  the 
cable  design  and  theoretical  tension  analysis  [1-4]  has  reported. 
Yet,  practical  measurement  and  evaluation  of  the  field-in-service 
cable  fiber  strain  or  stress  were  fewer  presented.  It  is  of  interest  to 
understand  the  strain-stress  property  on  an  aerial  optical  fiber 
cable  after  field  installed.  Recently,  aerial  optical  fiber  installation 
has  increased  vastly  here  in  Taiwan  partially  due  to  the  local 
requirements  for  broadband  access  and  the  push  of  fiber  to  the  last 
mile  by  telecommunication  company.  The  need  of  Internet  access 
in  the  remote  areas  also  prompt  up  the  use  of  aerial  optical  cables 
since  those  areas  are  either  lacking  of  constructed  conduits  or 
difficult  to  dig  the  conduits.  Although  Cable  TV  companies  have 


a  large  installed  base  of  this  type  of  aerial  cables,  under  the  severe 
wind  load  environment  here  in  Taiwan,  they  need  to  replace  the 
aerial  cable  every  5-6  years.  Obviously,  cost  and  maintenance 
consideration  requires  that  the  reliability  issues,  especially  the 
stress-strain  degradation  behaviors  on  the  aerial  cables  should  be 
addressed. 

2.  Cable  structure  and  performance 

The  tested  cable  structure  is  a  self-support  jelly-filled  LAP 
sheath,  12-48  fibers  loose  tube  type  optical  cable  that  consists  of  a 
messenger  wire  combined  together  with  the  PE  sheath.  The 
suspension  wire  is  made  of  18  mm2  stranded  steel  wires  with  a 
diameter  of  5.4  mm  and  a  minimum  break  force  of  2040  kgw. 

There  are  two  major  concepts  for  protecting  the  optical  fiber 
from  tensile  forces.  One  is  enlarging  the  cable  modulus,  the  other 
is  introducing  excessive  fiber  length  into  the  cable  design.  From 
our  field  experience,  the  loose  tube  cables  with  a  longer  stranding 
pitch  and  large  {  Excess  Fiber  Length  }/{  Inner  Tube  Diameter  } 
ratio  were  capable  of  surviving  from  a  heavy  wind  loads.  This  time, 
we  modified  the  duct  cable  parameter  and  manufactured  two 
sections  of  self-support  cables  and  deployed  in  the  field  to  study 
the  fiber  strain  that  may  exercise  in  the  cable. 

Table  1  shows  measurements  of  optical  and  mechanical 
properties  of  the  two  self-support  aerial  cables  after  manufacture 
and  before  field  deployment.  The  fiber  attenuation  is  measured 
using  an  OTDR  at  1550  nm.  Mechanical  characteristics 
measurements  of  the  two  aerial  optical  cables  were  carried  out 
according  to  TR-NWT-001 121.  Measurement  results  show  that  no 
optical  loss  increased  larger  than  0.1  dB  during  and  after  the  tests 
of  every  mechanical  test  item.  The  fiber  strain  measurement  using 
Brillouin  Optical  Time  Domain  Reflectometer  showed  that  all  the 
fibers  stress  were  all  smaller  than  0.02%. 
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Table  1 .  Self-support  aerial  cable  performance 


Test  item 

Cable  1 

Cable  2 

Attenuation  at  1550  nm 

<  0.3  dB/km 

<  0.3  dB/km 

Fiber  strain 

<  0.02% 

<  0.02% 

Tensile  loading  and 
bending 

<0.1  dB 

<0.1  dB 

Compressive  loading 

<0.1  dB 

<0.1  dB 

Impact 

<0.1  dB 

<0.1  dB 

Twist 

<  O.ldB 

<0.1  dB 

Cyclic  flexing 

<0.1  dB 

<0.1  dB 

3.  Fiber  strain  after  field  deployment 

In  this  study,  the  two  manufactured  self-supporting  modified 
loose-tube  type  optical  cables  were  deployed  at  two  areas.  Route  1  is 
a  typical  seasonal  windy  area  with  a  deployed  length  of  about  1  km. 
The  cable  has  a  fusion  splice  point  and  joints  with  a  slot  ribbon  cable. 
Route  2  is  a  seashore  mountain  humid  area  with  a  deployed  length  of 
5.1  km  and  has  4  fusion  points.  These  cables  were  pulled  along  the 
pole  by  a  tensile  gauge  to  keep  the  tension  applied  to  the  cables  was 
under  specified  safe  region.  At  the  pore  around  a  comer  and  every  5 
pore,  the  cable  was  left  with  a  £2-shape  to  keep  the  excessive  cable 
length.  The  span  length  of  this  cable  is  smaller  than  50  m.  After  the 
completion  of  field  deployment,  attenuation  changes  of  the  cables 
were  monitored  by  a  Power  Meter  and  an  OTDR,  and  the  strain 
distribution  of  the  fibers  were  measured  by  a  Brillouin  OTDR.  Data 
were  cumulated  and  analyzed  for  one-half  year. 

Figure  1  and  2  shows  the  typical  fiber  attenuation  loss 
characteristic  during  17  months  period.  Based  on  the  measurement, 
these  cables  were  proved  to  be  in  good  condition  since  no  particular 
increases  in  optical  loss  were  found. 


Fig.1  Attenuation  changes  of  route  1  cable 
after  deployment 


Fig.2  Attenuation  changes  of  route2  cable  after 
deployment 

Figure3  and  4  shows  the  results  of  fiber  strain  in  the 
longitudinal  direction  using  the  BOTDR.  There  was  no 
significantly  fiber  strain  occurred  and  the  maximum  fiber  strain 
were  less  than  0.05%  during  the  test  period.  We  also  found  that 
the  fiber  strain  in  aerial  optical  cable  can  release  to  a  constant 
value  by  the  relaxation  of  cable  length. 

All  of  the  measurements  indicates  that  the  overall 
degradation  that  result  from  environmental  degradation  and 
mechanical  strain-stress  induced  degradation  did  not  or  not  yet 
appear  on  these  two  cables,  at  least,  under  one-half  year  of  field 
service.  On  the  other  hand,  when  examining  some  of  the 
individual  measurement,  occasional  abnormal  higher  attenuation 
and  sometimes  strains  higher  than  the  original  0.01%  was 
observed.  However,  such  results  usually  disappeared  when  a 
repeated  measurement  was  conducted.  This  means  that  some 
sudden  strain  rise  likely  due  to  a  gusty  wind  may  occur,  but  due  to 
the  excellent  loose  tube  design,  the  tentative  strain  was 
self-adjusted  by  the  fibers  on  their  own,  and  the  strain  was 
released.  Nevertheless,  it  is  expected  that  the  continuous 
strain-rise-then-strain-release  process  may  attribute  to  a  fatigue 
effect  on  the  fiber,  and  it  will  be  interesting  to  see  how  long  a  fiber 
fatigue  will  appear,  and  how  is  the  performance  of  the  cable  will 
be  affected.  Continuous  measurement  and  performance  monitoring 
will  be  conducted  on  these  two  field-service  cables.  Long-term 
reliability  of  the  aerial  optical  cable  therefore,  may  be  able  to 
evaluate  if  substantial  strain-stress  induced  fatigue  appears  to 
affect  the  performance  of  the  cables.  The  strain-stress 
measurement  by  a  Brillouin  Optical  Time  Domain  Reflectometer 
may  provide  a  good  indication  of  the  aerial  cable  reliability. 
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Fig.3  Fiber  strain  distribution  of  route  1 
cable  after  deployment 
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Fig.5  Relation  of  fiber  strain  and  attenuation 
change 
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Fig.4  Fiber  strain  distribution  of  route  2  cable 
after  deployment 

Change  of  fiber  loss  at  1300  and  1550  nm  after  tensile  force 
was  applied  to  fiber  are  shown  in  fig.  5.  No  significantly 
attenuation  increasing  was  found  when  fiber  was  strained  to  0.3%. 
It  meant  that  fiber  strain  did  not  increase  attenuation.  From  this 
result,  we  can  conclude  that  we  can  not  evaluate  the  optical  cable 
just  from  OTDR  data.  Fibers  have  small  attenuation  loss  change 
does  not  mean  fiber  is  strain  free.  It  is  necessary  to  measurement 
fiber  strain  in  evaluation  the  cable  performance. 


4.  Conclusion 

We  investigated  the  fiber  strain  of  field-deployed 
modified  loose  tube  type  self-supporting  aerial  optical  cable. 
The  results  showed  that  the  overall  degradation  that  result  from 
environmental  degradations  did  not  inflence  the  performance 
of  these  cables  within  one  and  half  year  of  field  service. 
Obivious,  the  proper  desingn  allow  the  cable  exercise  its  strain 
relaxation  from  length  release.  Although,  the  cables  showed 
ignorable  optical  loss  after  one  and  half  year  service  does  not 
mean  its  long  term  performace  will  be  the  same  since  there  is 
still  a  strain  contantly  applied  on  the  cables.  Strain  applied  on 
cable  may  cause  static  fatigue  to  influce  the  long-term 
reliability  of  the  cable  instead  of  the  observable  short-term 
increasing  in  attenuation.  It  is  of  interesting  to  see  how  long 
the  fatigue  induce  performace  degradation  will  begin  to  occur 
and  that  will  be  the  service  life  of  the  cable  under  that 
enviroments. 
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ABSTRACT 

With  the  steady  increase  in  fiber  optic  cable  spans  in  the 
world,  more  and  more  problems  are  arising  from  dynamic 
cable  motion.  Cable  motion  affects  virtually  every  aerial 
cable  that  is  installed  today.  In  some  instances,  the 
hardware  developed  to  control  cable  motion  has  given  rise 
to  new  challenges  and  complications.  This  has  increased 
the  importance  of  the  research  and  testing  involving  this 
phenomenon  and  has  necessitated  the  development  of 
new  products  to  meet  the  ever-changing  needs  of  the 
industry. 

This  increased  awareness  and  research  has  given  rise  to 
many  advances  in  the  products  used  to  minimize  fiber 
optic  cable  motion. 

The  rise  in  ADSS  installations  in  high  voltage  fields  has 
given  new  focus  to  issues  such  as  corona,  tracking,  and 
dry  band  arcing.  Inherent  in  these  phenomena  is  the  cable 
hardware.  New  products  are  required  to  minimize  the 
electrical  stress  on  the  cable,  allowing  it  to  resist  the 
effects  of  being  installed  in  the  high  electrical  stress 
applications.  Again,  testing  and  verification  are  essential 
in  the  development  of  products  for  these  issues. 

This  paper  will  discuss  the  development  of  testing 
methods  to  ensure  that  these  new  products  meet  the  needs 
of  their  environment.  Data  will  be  presented  that  shows 
the  effectiveness  of  the  products  in  the  laboratory.  Past 
testing  indicates  that  there  is  a  good  correlation  between 
laboratory  findings  and  field  studies. 

BACKGROUND 

Previous  work  has  shown  that  the  Spiral  Vibration 
Damper  (SVD)  is  effective  in  reducing  vibration  on 
ADSS  cables.1,2,3  In  addition,  it  has  been  found  that  there 
is  an  acceptable  correlation  between  the  laboratory 
performance  of  an  SVD  and  its  performance  in  the  field. 
In  other  words,  a  damper  that  performs  well  in  the 
laboratory  will  perform  adequately  on  an  operating  line. 
Newer  applications  of  ADSS  cable  place  the  damper  in  a 
highly  stressed  electrical  environment.  After  detailed 
analysis,  this  high  electrical  stress  was  found  to 
deteriorate  the  plastic  material  of  the  damper  over  time. 
This  deterioration  of  the  material  was  overcome  by 
placing  the  damper  further  out  into  the  span  where  the 
electrical  stress  was  greatly  reduced,  Figure  1.  While  this 


solved  the  material  problem,  it  greatly  increased 
application  difficulty,  Figure  2.  Therefore  a  program  was 
undertaken  to  develop  a  testing  program  to  evaluate  a 
different  material  which  can  withstand  the  high  electrical 
stress  field. 


Figure  1  -  ADSS  with  SVD's  Applied 
Note:  SVD  Distance  from  Structure  -  3.5  m 


Figure  2  -  Lineman  Installing  SVD 


DEVELOPMENT  OF  THE  TEST  PROGRAM 

The  first  objective  was  to  determine  a  testing  program 
which  can  simulate  the  environment  in  which  this  product 
would  be  placed.  Several  performance  requirements  were 
identified,  including  the  ability  to  withstand  the  outdoor 
environment  in  a  high  electrical  stress  field  and  the  ability 
to  withstand  fatigue.  In  addition,  the  product  must 
effectively  damp  vibration  similar  to  the  standard  SVD. 
To  examine  product  performance,  the  following  tests 
were  developed: 

1 .  Damper  energy  dissipation  testing 

2.  Ultra-violet  testing 


International  Wire  &  Cable  Symposium 


412 


Proceedings  of  the  49th 


3 .  Fatigue  vibration  testing 

4.  Electrical  testing 

Damper  Energy  Dissipation  Testing 

As  mentioned  above,  from  previous  testing  it  has  been 
shown  that  impact  damper  field  performance  can  be 
predicted  by  conducting  a  laboratory  energy  dissipation 
test.  It  has  been  further  shown  that  the  standard  SVD  has 
acceptable  performance  in  the  laboratory  and  has  an 
acceptable  correlation  to  field  performance.  Therefore  if 
the  new  impact  damper  has  similar  performance  to  the 
standard  damper,  then  it  can  be  assumed  that  the  new 
impact  damper  will  perform  satisfactorily  on  an  operating 
line. 

To  determine  the  energy  dissipation  characteristics  of  the 
new  impact  damper,  a  vibration  test  was  conducted  per 
the  IEEE  664-1993.  Laboratory  damper  efficiency  testing 
of  an  SVD  was  performed  by  the  power  method.  A  length 
of  ADSS  was  installed  in  a  laboratory  vibration  span  at  a 
constant  tension  equal  to  the  installation  tension  of  the 
ADSS  cable  and  maintained  by  a  pivoting  balance  beam. 
Square  faced,  rigid  clamps  were  installed  at  each  end  of 
the  cable  to  minimize  energy  losses  in  the  terminations, 
resulting  in  a  test  span  of  30  m.  An  SVD  was  installed  on 
the  ADSS  approximately  130  mm  from  a  rigid  clamp, 
Figure  3.  A  vibration  shaker  was  installed  to  excite  the 
ADSS.  An  impedance  transducer,  a  combination  load  cell 
and  accelerometer,  was  installed  between  the  shaker 
armature  and  the  test  cable  to  measure  the  force  and 
acceleration  imparted  to  the  test  cable.  Figure  4  is  a 
schematic  of  the  test  setup. 


Figure  4  -  Laboratory  Test  Setup 


Measurements  to  determine  the  dissipated  power  were 
taken  at  tunable  harmonics  within  the  specified  frequency 
range  of  .185/D  to  1.295/D,  where  D  is  the  conductor 
diameter  in  meters.  At  each  frequency,  the  shaker  input 
was  adjusted  to  a  specific  level  in  order  to  obtain  an 
antinode  loop  velocity  of  200mm/s.  To  measure  the 
antinode  amplitude  of  the  first  free  vibration  loop  from 
the  damper,  a  miniature  accelerometer  was  installed  on 
the  conductor  and  the  signal  sent  to  the  FFT  analyzer.  The 
force,  acceleration  and  conductor  amplitude  were  then 
obtained  from  the  FFT  analyzer  display.  The  dissipated 
power  was  then  calculated  and  plotted. 

This  was  conducted  for  the  standard  impact  damper  and 
the  new  impact  damper.  For  the  complete  test  procedure, 
refer  to  previous  publications.1,2 


CONSTANT  TENSIONING 


Figure  3 

SVD  Installed  on  Laboratory  Test  Span 


The  signals  from  the  amplifiers  were  sent  through  a 
tracking  filter,  which  removed  all  frequency  components 
other  than  the  driving  frequency,  and  then  viewed  with  an 
oscilloscope.  The  force  and  acceleration  signals  from  the 
impedance  transducer  were  sent  to  an  FFT  analyzer, 
which  displayed  the  frequency  spectrum  of  each  signal 
and  the  phase  angle  between  the  two  signals. 


Test  Results.  The  results  are  given  in  Figure  5.  The 
performance  is  extremely  similar  and  therefore  it  can  be 
concluded  that  the  new  impact  damper  will  perform  at 
acceptable  levels. 


-♦-STANDARD  SVD  -it-  NEW  SVD 


Figure  5  -  Energy  Dissipation  Test  on  SVD’s 
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Ultraviolet  Testing 

To  verify  a  material  will  properly  function  when  it  is 
exposed  to  sunlight,  it  is  necessary  to  conduct  ultraviolet 
testing.  In  the  case  of  the  impact  damper,  samples  of  the 
rod  were  placed  in  a  UV  chamber  and  tested  per  ASTM- 
G  53-94.  The  samples  were  exposed  to  4000  hours  of 
ultraviolet  testing.  Samples  were  removed  every  1000 
hours  and  an  impact  test  was  conducted  to  determine 
impact  performance. 

Test  Results.  There  was  no  visible  change  in  the 
material  after  4000  hours.  There  was  no  reduction  in  the 
impact  performance  over  the  exposure  period.  Refer  to 
Figure  6. 


Time  (hrs.) 


Figure  6  -  Energy  Dissipated  During  Impact 
Testing 


Fatigue  Testing 

Previous  testing  has  been  conducted  to  verify  that  the 
impact  type  damper  will  not  wear  out  when  properly 
used.4  A  more  severe  test  of  a  material  consists  of  a 
fatigue  test  where  the  material  is  tested  with  regard  to 
bending  stresses.  This  will  help  determine  if  there  is  any 
notch/fatigue  sensitivity  of  this  material.  To  conduct  this 
test  program,  the  rod  was  formed  in  the  shape  of  a  typical 
distribution  tie,  Figure  7.  The  tie  was  then  installed  on  a 
13 -mm  diameter  cable  and  a  pin  insulator  and  vibration 
fatigue  tested  for  50,000,000  cycles  of  aeolian  vibration. 
The  amplitude  of  vibration  was  1mm  and  the  frequency 
was  53  Hz.  See  Figure  8  for  the  test  setup. 


New  Material  Formed  Into  a  Distribution  Tie 


Figure  8 

Test  Setup  for  Fatigue  Testing 


Test  Results.  After  50,000,000  cycles  of  vibration, 
there  was  no  failure  of  the  product. 

Electrical  Testing 

Plastic  materials  which  are  placed  in  a  high  electrical 
stress  environment  may  deteriorate  due  to  a  phenomenon 
called  tracking.  In  this  phenomenon,  the  electrical 
discharges  bum  or  track  the  material.  This,  if  severe 
enough,  can  eventually  fail  the  product. 

Various  companies  have  proposed  electrical  evaluation 
tests  for  ADSS  cables  and  hardware  in  a  high  voltage 
environment.5  To  date,  there  is  not  an  internationally 
accepted  test  method.  IEEE  has  presently  established  a 
Working  Group  to  look  into  this.  Laboratory  attempts 
were  made  to  replicate  the  testing  done  at  other 
laboratories  but  were  unsuccessful  at  obtaining  any 
meaningful  data. 

Therefore,  a  previous  test  method  which  was  utilized  to 
determine  the  electrical  performance  of  plastic  ties  was 
referenced.  For  this  test,  a  plastic  tie  was  exposed  to 
leakage  currents  by  placing  a  25  kV  line  to  ground 
potential  across  a  conductor  to  an  insulator  pin.  A  plastic 
tie  attached  the  insulator  to  the  conductor,  Figure  9.  The 
assembly  was  now  exposed  to  alternating  wet  mist/dry 
cycles.  One  cycle  consisted  of  5  minutes  of  mist  and  25 
minutes  of  air-drying.  This  cycle  continued  until  tracking 
occurred  or  400  hours  (800  cycles).  The  standard  material 
used  for  SVD’s  and  the  new  material  were  evaluated. 
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Figure  9  -  Electrical  Test  Chamber 


Test  Results.  After  19  hours  (38  cycles),  the  standard 
material  began  to  show  signs  of  tracking.  After  158  hours, 
the  tie  was  severely  tracked,  Figure  10.  The  new  material 
showed  no  signs  of  tracking  after  400  hours  (800  cycles). 


Figure  10  -  Severe  Tracking  on  Standard  Material 
After  158  Hours  of  Exposure 
FIELD  EVALUATION 

At  present,  an  SVD  made  from  this  new  material  has  not 
been  installed  on  an  ADSS  cable  in  a  high  electrical  stress 
environment.  However,  field  evaluations  of  this  material 
have  been  made  on  other  products  used  in  high  electrical 
stress  applications.  The  products  include  the  Air  Flow 
Spoiler  and  the  ADSS-CORONA™  coil.  Air  Flow 
Spoilers,  a  device  to  reduce  galloping,  made  from  this 
material,  have  been  installed  on  operating  transmissions 
lines  over  700  kV  in  excess  of  two  years  with  no  signs  of 
degradation  of  the  material.  ADSS-CORONA  Coils  made 
from  this  material  have  been  installed  at  the  ends  of  dead¬ 
ends  and  suspensions  for  ADSS  to  reduce  electrical  stress. 
These  products  have  been  installed  for  over  two  years 
with  no  signs  of  deterioration  of  the  material. 


CONCLUSION  AND  FUTURE  WORK 

A  preliminary  test  method  was  developed  to  determine  if 
a  new  plastic  material  can  survive  in  the  high  electrical 
stress  environment  in  which  ADSS  cables  and  hardware 
are  placed.  This  method  needs  to  be  further  improved 
once  the  IEEE  determines  the  proper  test  technique.  In 
addition,  vibration  testing  was  used  to  verify  the  new 
material  was  as  effective  at  reducing  vibration  as  the 
standard  material. 

Further  work  needs  to  be  done  by  conducting  field 
evaluations  of  the  new  impact  dampers  on  operating 
ADSS  lines  in  high  electrical  stress  environments  to 
verify  there  is  no  degradation  of  the  SVD  or  ADSS  cable. 
Plans  are  in  place  to  set  up  various  field  test  sites.  In 
addition,  attempts  will  be  made  to  conduct  some  further 
electrical  testing  on  the  impact  damper  at  an  outside 
laboratory,  even  before  the  IEEE  establishes  their 
standard. 
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Abstract 

This  contribution  describes  a  new  economical  aerial  cable  link 
technology.  The  necessary  components  for  the  erection  of  a 
complete  optical  fibre  Sinfony™  link  shall  be  reported  in  detail. 

Particular  the  small  and  compact  cable  design,  consisting  of  a 
jelly  filled  laser  welded  stainless  steel  tube,  stranded  around  a 
catenary  wire,  including  its  mechanical  and  environmental 
characteristics  will  be  presented.  For  instance  the  tensile  strength 
and  temperature  dependence  of  the  fibre  attenuation  will  be 
shown. 

Additionally  it  shall  be  considered  that  the  installation  of  this 
highly  reliable  Sinfony-concept  can  be  performed  in  a  time  saving 
procedure,  resulting  in  a  most  favourable  economy. 

Primary  conclusion  or  result:  A  complete  new  economical  aerial 
cable  link  technology,  including  cables,  accessories  and 
installations  for  the  distribution  and  access  network  will  be 
described. 

Background:  Due  to  the  increased  request  of  new  operators  for 
own  distribution  and  access  networks  it  is  necessary  to  provide 
appropriate  economical  solutions. 

The  following  details  will  be  described: 

-  Sinfony™  cable  design  and  performance  for  distribution 

and  access  network  applications 

-  Accessories 

Link  tests  and  installation  methods 


Keywords 

Optical  aerial  cable;  access  network;  distribution  network; 
alternative  installation  technique;  right-of  way  solution;  steel- 
tube;  short  span;  medium  span;  loose  tube; 


Introduction 

Due  to  the  deregulation  of  the  telecommunication  market  new 
carriers  install  own  fibre  optic  cable  networks  in  order  to  be 
competitive  and  independent  to  the  incumbents.  The  costs  of  such 
necessary  huge  networks  are  extremely  high,  unfortunately.  And 
thus  a  most  economical  concept  for  a  total  cable  network  is  highly 
important,  particular  for  the  distribution  and  access  level. 

It  has  widely  been  proven  that  the  dominating  portion  of  the 
passive  network  costs  are  caused  by  the  conventional  cable 
installation  measures.  Therefore  the  desired  cost  reduction 
activities  are  focused  mainly  on  optimizing  these  laying  methods. 
Among  various  technologies  optical  fibre  cable  links  are 
integrated  into  existing  infrastructures  for  gas  [1],  drinking  water 
[2],  railway-track-application  [3]  and  sewer  [4]. 

In  addition  to  such  established  alternative  solutions  for  the 
distribution  links  a  new  generation  of  a  metallic  aerial  cable 
design  shall  be  introduced. 
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Cable  Design 

The  cable  construction  of  Sinfony™  was  derived  from  the  well 
known  and  introduced  OPGW  with  stranded  stainless  steel  tube 
[5,  6].  The  optical  unit  is  a  laser  welded  stainless  steel  tube  in 
which  the  fibres  are  loosely  housed,  embedded  in  filling  jelly. 
This  tube  is  stranded  around  a  central  wire.  An  OPGW  has  to 
cover  the  functions  of  an  usual  earth  wire  which  are  carrying  short 
time  currents  and  lightning  protection.  A  minimum  strength  has  to 
be  achieved  because  of  mechanical  loads  given  by  long  spans  and 
additional  loads  like  ice  and  wind.  Now  the  Sinfony™  does  not 
have  to  cover  this  functions  and  is  only  made  for  short  span 
applications  it  can  be  reduced  to  the  minimum.  This  is  the  central 
wire  and  the  steel  tube  with  the  optical  fibres  (see  Figure  1). 

To  be  able  to  create  standardised  fittings  the  central  wire  has 
always  a  diameter  of  3,5  mm.  Depending  on  the  mechanical 
requirements  it  can  be  made  of  aluminium  alloy  (AA),  galvanised 
steel  (St)  or  aluminium  clad  steel  (ACS). 

To  cover  different  fibre  demands  two  sizes  of  steel  tubes  are 
available.  Up  to  36  fibres  the  tube  dimensions  are  3,0/  3,5  mm 
(inner/  outer  0),  for  up  to  60  fibres  the  diameters  are  3,4/  4,0 
mm. 


Figure  1.  Sinfony™-Cable 


Cable  Characteristics 

The  characteristics  according  to  IEC  Standards  of  different 
Sinfony™  cables  are  shown  within  the  following  table: 


Wire  0:  3,5mm 

AA 

St 

ACS 

Rated  Tensile  Strength  [kN] 

2,8 

12,6 

12,5 

Maximum  Fibre  Count 

36/60 

36/60 

36/60 

Cable  Diameter  [mm] 

7/8 

7/8 

7/8 

Weight  [kg/km] 

55/65 

105/114 

94/104 

Modulus  of  Elasticity  [kN/mm2] 

60 

180 

162 

Thermal  Elongation  Coefficient 
[10'6/K] 

23 

11 

13 

Permissible  Maximum  Working 
Stress  [N/mm2] 

123 

550 

546 

Everyday  Stress  (16  %  RTS) 
[N/mm2] 

47 

209 

208 

Ultimate  Exceptional  Stress 
[N/mm2] 

211 

943 

936 

Maximum  Permissible  Installation 
Force  [kN] 

1,2 

5,3 

5,3 

Minimum  Bending  Radius  [mm] 

53 

53 

53 

Temperature  Range  for  Installation 
Temperature  Range  for  Operation 

-10  to  +50  °C 
-40  to  +80  °C 

Cable  Installation 

The  cable  can  be  installed  in  different  ways  similar  to  the 
installation  of  other  aerial  cables  like  e.g.  a  figure-8  cable.  The 
easiest  way  is  to  unroll  the  cable  from  the  drum  and  lay  it 
alongside  the  line.  In  a  second  operation  the  wire  will  be  cut  at 
tension  locations,  approximately  every  500  m,  and  the  cable  will 
be  hoisted  to  the  fixing  points.  The  fixing  at  the  tension  points  is 
done  by  small  helical  dead  ends  (See  Figure  2)  commercially 
available  as  well  as  the  suspension  rods.  For  sag  adjustment  a  self 
clamping  grip  on  the  wire  in  addition  to  a  lever  hoist  is  used.  If  it 
is  not  possible  to  attach  the  cable  to  the  tower  outside  the 
installation  is  done  like  for  ADSS  or  OPGW  using  sheaves, 
pulling  rope  and  a  winch. 

At  branching,  connecting  or  termination  points  the  steel  tube  is 
leaded  down  to  joint  boxes  housing  single  fibre  management 
modules  (Figure  3)  and  fixed  at  the  tower  with  clamps.  At 
termination  points  the  steel  tube  can  be  even  led  into  stations  or 
buildings  without  additional  joint  box  and  cable  as  long  as  it  is 
protected  against  crush  and  sufficiently  grounded.  Eventually 
lighting  protection  measures  have  to  be  foreseen. 
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Figure  2.  Sinfony™-Cable  at  tension  point 


Figure  3.  Sinfony™-Cable  at  termination  point 


Measurements 

The  functionality  and  cable  performance  with  respect  to  the 
transmission  characeristics  must  be  verified  by  different  test 
procedures. 

The  requirements  on  the  cables  optical,  mechanical  and 
environmental  properties  must  take  into  account  general  tests 


procedures  as  given  in  IEC  60793  /  IEC  60794  and  specifications 
from  the  customer. 

These  tests  include  optical,  mechanical  and  environmental 
properties  of  the  cable  and  fibers. 

Parameters  that  are  not  influenced  by  cabling  procedures  or 
mechanical  and  environmental  stress  on  the  cable 

(e.g.  fiber  geometry,  mode  field  diameter,  chromatic  dispersion) 
can  be  controlled  by  an  appropriate  quality  control  of  the  fiber 
manufacturer. 

In  order  to  simulate  the  impact  of  mechanical  and  environmental 
stress  on  the  cable  transmission,  especially  attenuation 
performance,  it  must  be  tested  on  the  cable  itself. 

For  the  Sinfony™  -  cable,  used  as  an  self  supporting  outdoor  arial 
cable,  the  following  test  should  be  done  to  control  the  behaviour 
on  mechanical  and  environmental  stress: 

-  temperature  cycle  test  within  the  operating  temperature  range 

-  aeolian  vibration  test 

-  bending  test 

-  tensile  test 

-  corrossion  test 


Table  1.  Test  results  /  proposals 


Parameter 

limit  (proposal) 

Temperature  cycle  test 

(-40°C/+70°C) 

Aa  (1550nm) 

See  Figure  5 

<0,10  dB/km 

resistance  to  aeolian  vibration 

(15%  RTS;  107  cycles) 

mechanical  behaviour 

Aa  (1550nm) 

no  mechnical  damage; 

<0,10  dB/test  length 

Bending 

(r=  1 5xdiameter  of  cable) 

Aa  (1550nm) 

<  0,10  dB 

tensile  strength  (14  kN) 

fiber  strain 

Aa  (1550nm) 

See  Figure  4 

no  fiber  strain  at  operating  load 

no  change  (<  0,05  dB) 

corrosion  test  (salt  fog  test) 

no  degradation  of  strength 

The  verification  of  these  requirements  should  be  checked  within  a 
type  test  approval.  Other  requirements  may  be  added  due  to 
specific  applications. 
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Figure  4.  Tensile  Strength  Test 


Figure  5.  Temperature  Cycle  Test  Results 


Conclusions 

The  sinfony™  concept  is  based  on  a  complete  metallic  cable 
design  with  small  dimensions,  reduced  weight,  high  fibre  counts 
and  a  very  fast  installation  technique.  Due  to  it's  metallic  design 
the  lifetime  expectance  is  comparable  with  OPGW  and  so  at  least 
double  of  the  lifetime  expectance  of  dielectric  optical  aerial 
cables.  Contrary  to  complete  dielectric  cables  the  Sinfony™  cable 
is  rodent  protected,  flame  retardent  and  resistant  against  bird 
picking,  industrial  and  traffic  air  contamination  and  saltfog- 
atmosphere.  First  trials  have  shown,  that  a  cost  reduction  of  40  % 
compared  to  conventional  concepts  can  be  obtained  as  well  under 
certain  conditions  as  the  installation  time  for  a  complete  sinfony™ 
link  can  be  dropped  down  remarkable. 
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Abstract 

In  this  work,  halogen-free  flame  retarded  polyethylene  was 
investigated  to  study  the  effect  of  inorganic  fillers  on  the 
improvement  of  flame  retardancy  and  the  suppression  of  smoke 
density.  Through  the  analyses  on  thermal  stability  and  smoke 
density,  it  is  found  that  the  flame  retardancy  developed  by  MDH 
could  be  effectively  increased  by  the  additional  incorporation  of 
zinc  borate  and  mistron  vapor.  This  result  is  confirmed  by  the 
observation  of  fire  performance  with  cone  calorimetry. 
Morphological  study  supports  that  the  improvement  of  flame 
retardancy  and  the  suppression  of  smoke  density  is  due  to  hard  and 
compact  charred  layer  which  is  formed  by  the  interactions  between 
polymer  and  inorganic  fillers.  This  charred  layer  provides  a  good 
thermal  and  flame  barrier. . 

Keywords 

Wire;  cable;  Flame  retardant;  :smoke. 

1.  Introduction 

Polyethylene  polymers  are  used  in  many  fields  such  as  housing, 
transport  or  electrical  engineering  applications.  Due  to  their 
chemical  constitution,  these  pfpolymers  are  easily  flammable  and  so 
flame  retardancy  becomes  an  important  requirement.  This 
property  can  be  achieved  in  several  ways,  especially  by 
incorporation  of  additives.  Until  now,  halogen  compounds  have 
been  widely  used  and  exhibited  the  greatest  effect  for  this  purpose. 
However,  such  problems  as  the  corrosiveness,  the  smoke  emission 
and  the  toxicity  of  combustion  products  have  been  an  important 
issue  continuously  [1].  Finally,  the  usage  of  halogen  compounds 
begins  to  be  limited  and  the  alternative  halogen-free  flame 
retardants  such  as  aluminum  or  magnesium  hydroxides  and 
phosphorous-containing  materials  have  attracted  much  attention  of 
aerospace,  microelectronic,  cable  and  wire  manufacturers  [2-9]. 
The  inorganic  flame  retardants  decompose  endothermally  with  the 
release  water  around  the  temperature  at  which  polymers  themselves 
decompose  and  do  not  induce  the  smoke  and  corrosive  gas 
problems.  Nevertheless,  they  must  be  used  in  large  amounts 
(usually  60  wt%)  and  this  lead  to  the  loss  of  mechanical  properties 
of  the  polymer  matrix. 

The  aim  of  this  work  is  to  study  the  effect  of  inorganic  fillers  on 
the  improvement  of  flame  retardancy  and  the  suppression  of  smoke 


density.  Ternary  polymer  blends  consisting  of  ethylene-ethyl 
acrylate  (EEA),  polyethylene  (PE),  maleic  anhydride-grafted 
polyethylene  (m-PE)  are  prepared  as  a  matrix  to  increase  the 
loading  of  inorganic  fillers.  The  effect  of  inorganic  fillers  on 
thermal  stability  and  fire  performance  is  quantitatively  analyzed  by 
DSC,  TGA,  smoke  box  and  cone  calorimetry.  To  identify  the 
flame-retardant  mechanism  of  this  halogen-free  system,  the  surface 
morphology  after  combustion  was  investigated. 

2.  EXPERIMENTAL 

2.1  Materials 

The  polymers  used  in  this  study  are  ethylene-ethyl  acrylate 
copolymer  (15  wt%  ethyl  acrylate,  EEA),  polyethylene  (PE),  maleic 
anhydride-grafted  polyethylene  (m-PE).  Magnesium  hydroxide 
(Mg(OH)2,  MDH),  zinc  borate  (2Zn03B203-3.5H20,  ZB),  and 
mistron  vapor  (3MgO,  4Si02  and  H20,  MV)  are  used  as  the 
additive  to  increase  the  flame  retardancy  and  reduce  the  evolution  of 
smoke  during  the  combustion  of  materials.  The  surface  of  MDH 
was  treated  with  stearic  acid  (CH3(CH2)16COOH). 

The  composition  of  ternary  polymer  blend  (EEA/PE/m-PE)  as  a 
matrix  was  fixed  at  65/35/5  by  weight.  The  total  content  of 
inorganic  fillers  is  55  wt  %.  The  polymer  blends  were  modified  in 
four  ways:  (1)  55  wt  %  MDH,  (2)  45  wt  %  MDH  and  10  wt  %  talc, 
(3)  45  wt  %  MDH  and  10  wt  %  ZB  and  (4)  45  wt  %  MDH,  5  wt  % 
ZB  and  5  wt  %  MV.  The  mixtures  of  polymers  and  inorganic  fillers 
were  processed  in  a  double  roll  plasticator  at  120°C  for  30  minutes. 
To  get  the  Sheets  (200  x  200  x  1  mm3),  the  mixtures  were  pressed  at 
185  °C  for  10  minutes. 

2.2  Thermal  analysis  and  mechanical  properties 

The  thermal  properties  of  polymers  were  measured  by  using 
differential  scanning  calorimeter  (DSC2910,  Dupont  TA 
instruments  Co.)  and  thermogravimetric  analyses  were  also  carried 
out  at  heating  rate  of  lOoC/min  using  TGA2950  (Dupont  TA 
instruments  Co.).  A  dumbbell  type  specimen  with  the  width  of  5.6 
mm  and  the  gauge  length  of  20  mm  were  tested  at  200  mm/min  by 
using  Instron  6022  and  the  number  of  specimens  are  at  least  5. 

2.3  Fire  test 

The  smoke  generated  from  burning  samples  was  measured  as  the 
specific  optical  density  (Ds)  by  Smoke  box  (Rheometric  Scientific 
Co.).  Under  non-flaming  mode,  the  heat  flux  of  furnace  was  fixed 
at  2.5  W/cm2  and  then  the  smoke  density  caused  by  the  thermal 
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degradation  of  specimen  were  measured.  Cone  calorimeter  (Atlas 
Co.)  was  used  to  obtain  heat  release  rate  (HRR)  and  the  analyses 
were  carried  out  according  to  ASTM  1356-90  under  a  heat  flux  of 
35  kW/m2.  This  heat  flux  has  been  chosen  because  it  corresponds 
to  the  evolved  heat  during  a  fire. 

2.4  Morphology 

The  shape  of  inorganic  fillers  and  the  surface  morphology  of 
burned  samples  were  observed  using  a  scanning  electron 
microscopy  (Hitachi  Co.  S-2500C).  The  samples  were  coated  with 
gold-palladium  and  the  accelerating  voltage  was  25  kV. 

3.  RESULTS  AND  DISCUSSION 

3.1  Thermal  and  mechanical  properties 

In  this  study,  three  kinds  of  polymers,  ethylene  ethyl 
acrylate  (EEA),  polyethylene  (PE),  maleic  anhydride-grafted 
polyethylene  (m-PE)  were  blended.  The  homogeneity  of 
polymer  matrix  was  investigated  by  the  thermal  analyses 
with  DSC.  As  listed  in  table  1,  the  melting  temperatures  of 
EEA,  PE  and  m-PE  are  98.0,  130.0  and  128.3°C,  respectively. 


Table  1  1 

fhermal  properties  of  polymers 

Tm 

(°C) 

AH 

(J/g) 

Tm  of 

EEA/PE/m-PE 
blend  (°C) 

Tmof 
MDH-filled 
EEA/PE/ 
m-PE  blend 
(°C) 

EEA 

98.0 

39 

95.2 

87.8 

PE 

130.0 

133 

125.7 

124.9 

m-PE 

128.3 

151 

- 

- 

In  ternary  blend  systems,  the  melting  temperatures  fall  down 
slightly  for  all  polymers  even  though  the  peak  of  m-PE  is  not 
observed  separately  from  the  peak  of  PE  due  to  the  small 
amount.  However,  the  behavior  of  the  glass  transition 
temperature  cannot  be  observed.  Thus,  this  phenomenon 
does  not  indicate  that  the  polymer  chains  in  the  amorphous 
are  miscible. 

When  the  polymer  blends  are  modified  with  inorganic 
filler,  MDH,  the  drop  of  melting  temperatures  increases  and 
especially  the  larger  drop  occurs  for  EEA.  This  drop  is 
induced  because  the  crystallization  is  more  interrupted  by  the 
interaction  between  polymer  and  inorganic  filler.  In  fact,  the 
drop  of  melting  temperature  increases  for  EEA,  which  has  a  greater 
affinity  with  MDH  due  to  the  polar  functional  group.  The 
interactions  between  polymer  and  MDH  are  illustrated  in  figure  1. 
-OH  groups  existing  in  the  surface  of  MDH  interacts  with  ethyl 
acrylate  branches  of  EEA  and  gives  adhesion  to  polymer  matrix. 
This  adhesion  is  also  enhanced  by  coating  filler  with  stearic  acid. 
The  non-polar  group  of  stearic  acid  bounded  in  MDH  increase  the 
interaction  with  nonpolar  matrix,  PE.  In  this  system,  the  third 
component  of  m-PE  were  also  used  to  increase  the  adhesion. 


Figure  1  Schematic  drawing  showing  the  interactions 
between  MDH  and  polymer  matrix. 

As  shown  in  figure  1,  grafted  maleic  anhydride  group  of  PE  has 
hydrogen  bonding  with  MDH  and  the  main  chains  of  polyethylene 
are  tightly  imbedded  in  matrix,  resulting  in  better  incorporation  of 
inorganic  fillers.  In  the  aging  experiments  (121°C  x  168  hr),  this 
strong  adhesion  plays  an  important  role  and  thus  the  residual  tensile 
strength  and  elongation  is  over  90%  as  listed  in  table  2. 


Table  2  Mechanical  properties  of  MDH-filled 
EEA/PE/m-PE  blend  before  and  after  aging 


Before  aging 

After  aging 

Tensile  strength  (kgfmm2) 

1.38 

1.37  (99%) 

Elongation  (%) 

584 

531  (91  %) 

3.2  Fire  performance 

3.2 .  i  Thermogra  vimetric  Analysis 

To  maintain  burning  in  polymer  systems,  three  ingredients 
need  to  be  supplied,  such  as  heat,  fuel  and  oxygen.  Thus,  to 
effectively  prohibit  polymer  from  burning,  the  flame 
retardant  must  remove  one  or  more  of  these  three  ingredients. 
According  to  several  studies,  magnesium  hydroxide 
(Mg(OH)2,  MDH)  is  used  as  an  acid-  and  halogen-free  flame 
retardant  for  various  plastics.  When  heated,  MDH 
decomposes  according  to  the  endothermic  reaction  as 
follows: 

Mg(OH)2  ^  MgO  +  H20  -  1,316  (J/g) 

In  the  course  of  this  reaction,  30  -  35  wt%  of  the  substance 
is  released  in  the  form  of  water  vapor,  which  displaces  the 
oxygen  necessary  for  combustion,  acting  as  an  inert 
protective  gas.  In  addition  to  the  energy  consumption 
above  described,  the  oxides  and  other  decomposition 
products  of  the  polymer  formulation  are  deposited  as  a 
mineral  coating  on  the  surface  of  the  material  and  this  also 
significantly  retard  further  advancement  of  the  combustion 
process.  This  coating  and  the  surface-active  magnesium 
oxides  that  are  formed  as  intermediate  products,  adsorb  combustion 
products  such  as  tar  and  soot  particles.  Therefore,  only  a  limited 
amount  of  them  manage  to  make  the  transition  to  the  gas  phase,  thus 
effectively  reducing  smoke  density. 
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Figure  2  shows  the  TGA  curves  of  polymer  blends  modified  with 
various  flame  retardants.  The  thermal  degradation  of  ternary 
polymer  blend  begins  at  400°C,  proceeds  steeply  and  the 
decomposition  step  of  each  polymer  is  not  separated. 
Around  500oC,  the  polymers  are  completely  decomposed 
without  no  residues.  When  modified  with  inorganic  fillers, 
the  decomposition  proceeds  in  two  steps  (330  -  420°C,  420  - 
500°C).  The  first  step  corresponds  to  the  degradation  of 
inorganic  fillers  including  MDH,  ZB,  and  MV.  The  second 
step  is  assigned  to  the  degradation  of  polymers,  especially 
polyethylene  chains.  Even  if  the  onset  of  degradation  of 
modified  polymer  blends  begins  at  lower  temperature,  the 
weight  loss  is  slowed  down  in  the  second  step  and  the  amount 
of  residues  also  becomes  high.  In  other  words,  over  420°C, 
the  degradation  of  polymers  is  effectively  retarded  by  MDH 
and  thus  the  residues  increases  up  to  28%.  Furthermore,  the 
amount  of  residues  increases  by  the  additional  incorporation  of 
ZB  and  MV. 


Temperature  (i  t 

Figure  2  TGA  curves  of  polymer  blends  filled 
with  various  flame  retardant:  (1)  none,  (2)  MDH,  (3) 
MDH/ZB,  (4)MDH/MV,  and  (5)  MDH/ZB/MV. 

3.2.2  Smoke  Emission 

One  way  to  measure  the  smoke  generated  from  burning 
polymers  is  to  test  in  the  NBS  Smoke  Density  Chamber. 

Figure  3  shows  the  typical  results  of  smoke  emission 
testing  (ASTM  E662,  under  non-flaming  condition)  on 
ternary  polymer  blends  modified  with  various  inorganic 
fillers.  As  mentioned  above,  magnesium  hydroxide  causes 
a  considerable  delay  in  the  onset  of  smoke  evolution  and 
significantly  lowers  the  overall  level  of  smoke  produced 
about  to  300.  Furthermore,  the  additional  incorporation  of 
ZB  and  MV  markedly  slows  the  rate  of  smoke  evolution  and 
reduces  the  maximum  smoke  density.  When  both  ZB  and 
MV  are  used  with  MDH,  the  onset  of  smoke  evolution  is 
effectively  retarded  and  over  15  min  the  smoke  becomes 
saturated,  resulting  in  the  minimum  smoke  density. 
Therefore,  it  can  be  speculated  that,  in  the  blends  exposed  to 
heat  and  flame,  both  ZB  and  MV  interact  with  MDH  and 


exhibit  a  synergistic  effect  for  the  depression  of  smoke 
evolution. 


Figure  3  The  evolution  of  smoke  density  of 
polymer  blends  filled  with  various  flame  retardants. 

Figure  4  shows  the  scanning  electron  micrographs  of  inorganic 
fillers.  The  size  of  MDH  is  in  the  range  of  1  ~  2  |im  and,  above 
mentioned,  this  particle  plays  a  role  as  a  flame  retardant  giving  off  the 
water  vapor  which  displaces  the  oxygen  and  functions  as  protective 
gas.  This  is  confirmed  by  the  micrograph  in  figure  5  showing  the 
surface  morphology  before  the  catastrophic  degradation.  The 
irregular  holes  with  submicron  size  indicate  the  generation  and  the 
emission  of  water  vapor  during  the  combustion.  ZB  has  a  typical 
median  particle  size  of  3  jim  and  the  chemical  composition  is 
2Zn03B203-3.5H20.  The  borate  component  (B203)  forms  a  glassy 
layer  on  the  char  to  protect  the  char  from  being  further  oxidized. 
Also,  the  water  given  off  can  cool  the  flame  and  promote  the 
formation  of  a  highly  foamy  and  heat-insulating  char.  This  behavior 
can  make  ZB  to  effectively  act  as  a  smoke  suppressant,  which  is 
confirmed  by  the  large  drop  of  smoke  density  in  figure  3.  The  shape 
of  mistron  vapor,  which  is  composed  of  3MgO,  4Si02  and  H20,  is 
platelet  and  the  particles  are  polydisperse.  During  the  combustion, 
the  inert  components  of  MgO  and  Si02  of  mistron  vapor  form  thin 
film  on  the  surface,  which  can  slow  down  heat  transfer  between  the 
gaseous  phase  and  the  condensed  phase. 

Figure  6  shows  scanning  electron  micrographs  of  the  residues  after 
combustion.  Compared  with  MDH-filled  polymer  blends,  the 
surface  of  blends  modified  with  both  MDH  and  ZB  is  covered  with 
more  compact  charred  layer.  In  other  words,  ZB  acts  as  a  sintering 
agent  to  produce  a  hard  and  porous  residue,  which  is  a  good  thermal 
barrier.  Furthermore,  in  the  presence  of  silicone  polymer  or  Si02,  zinc 
borate  can  form  borosilicate  glass  around  the  combustion  temperature 
of  polymers.  In  other  words,  the  interactions  between  ZB  and  MV 
reinforce  the  protective  shield  under  flame  stress  and  thus  the 
evolution  of  smoke  is  effectively  suppressed.  Also,  the  effect  of 
flame  retardancy  is  increased.  The  behavior  of  inorganic  filler  as  a 
smoke  suppressant  and  flame  retardant  is  discussed  in  more  detail  in 
the  next  section. 
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(1)  (2)  (3) 

Figure  4  Scanning  electron  micrographs  of  various  inorganic  fillers:  (1)  MDH,  (2)  ZB,  and  (3)  MV. 


m  (2)  (3) 


Figure  6  Scanning  electron  micrographs  of  the  surfaces  of  polymer  blends  modified  with  various  flame  retardant  (after 
combustion):  (1)  MDH,  (2)  MDH/ZB,  (3)  MDH/MV,  and  (4)  MDH/MV/ZB. 


Figure  5  Scanning  electron  micrographs  of  the  surfaces 
of  polymer  blends  modified  with  MDH. 


However,  the  HRR  is  effectively  suppressed  by  the  endothermic 
reaction  of  MDH  and  decreases  by  the  formation  of  an  expanded 
protective  shield,  which  is  induced  by  inorganic  fillers.  Thus,  over 
a  long  time  (600  sec)  the  heat  is  continuously  released.  Finally, 
the  HRR  increases  again  over  500  sec,  which  indicates  the 
degradation  of  heat-protective  shield  formed  on  the  surface.  This 
second  peak  is  lowered  by  the  additional  incorporation  of  ZB  or 
MV.  Furthermore,  when  both  ZB  and  MV  are  added  together,  the 
synergistic  effect  is  observed.  The  HRR  decreases  over  an  entire 
range  and  the  second  peak,  which  is  more  delayed,  is  lowest.  This 
behavior  is  consistent  with  the  results  from  TGA  and  smoke  density 
and  confirms  the  synergistic  interaction  between  ZB  and  MV  as  a 
flame  retardant  or  smoke  suppressant. 


3.2.3  Cone  Calorimeter  by  Oxygen  Consumption 
Figure  7  shows  the  curves  of  heat  release  rate  (HRR),  which  is 
calculated  using  the  oxygen  consumed  during  the  combustion.  For 
polymer  blend  without  inorganic  fillers,  the  HRR  peak  is  high,  1224 
kW/m2  at  147  sec.  Since  thermal  degradation  proceeds  rapidly,  all 
the  energy  is  released  fast  within  200  sec.  Before  ignition,  the 
carbonization  of  polymeric  material  and  the  evolution  of  gases 
without  oxygen  consumption  are  observed.  After  ignition,  the 
HRR  increase  very  steeply  by  the  contribution  of  the  external  heat 
source  energy  and  the  combustion  of  polymer.  By  the  addition  of 
inorganic  fillers,  the  HRR  is  dramatically  reduced  to  about  200 
kW/m2  and  the  second  peak  is  also  observed  over  500  sec.  The 
curves  proceed  through  three  steps:  after  ignition,  the  degradation  of 
polymeric  materials  initiates  and  the  values  of  HRR  increases. 
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Figure  7  The  curves  of  HRR  versus  time 
(heat  flux  of  35  kW/m2). 
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The  total  heat  evolved  (THE)  curves  confirm  the  HRR  change  as 
shown  in  figure  8.  For  all  blends,  the  total  heat  evolved  has  not 
changed  so  much,  but  the  time  at  which  THE  of  polymer  blends 
modified  with  inorganic  fillers  reaches  the  equilibrium  value  is 
significantly  retarded.  This  time  is  more  delayed  by  the  additional 
incorporation  of  ZB  or  MV  than  by  the  addition  of  only  MDH. 


Figure  8  The  curves  of  THE  versus  time 
(heat  flux  of  35  kW/m2). 

A  cone  calorimeter  also  allows  the  measurement  of  the  weight  loss 
during  the  combustion  of  the  materials  as  illustrated  in  figure  9. 
The  weight  loss  of  pure  polymer  blends  occurs  steeply  and  then 
decreases  slowly  over  200  sec,  which  corresponds  to  the  HRR  peak. 
By  the  addition  of  inorganic  fillers,  the  weight  loss  is  significantly 
slowed  down  and  reaches  an  equilibrium  over  600  sec,  which 
corresponds  to  the  second  HRR  peak.  In  other  words,  the  weight 
loss  of  the  blend  proceeds  until  an  expanded  protective  shield  is 
completely  decomposed.  The  residues  increase  over  30wt%  by 
the  addition  of  inorganic  fillers.  When  MDH-modified  polymer 
blend  is  additionally  incorporated  with  both  ZB  and  MV,  the 
amount  of  residue  is  highest  and  the  weight  loss  is  most  delayed. 
These  results  confirm  again  the  synergistic  effect  of  ZB  and  MV  in 
the  flame  retardancy. 


4.  Conclusions 

In  this  work,  we  have  investigated  halogen-free  flame 
retarded  polyethylene  to  study  the  effect  of  inorganic  fillers 
on  the  improvement  of  flame  retardancy  and  the  suppression 
of  smoke  density.  It  is  revealed  that  the  flame  retardancy 
developed  by  MDH  could  be  effectively  enhanced  by  the 
additional  incorporation  of  zinc  borate  and  mistron  vapor. 
The  interaction  between  zinc  borate  and  mistron  vapor  aids 
in  developing  a  hard  and  compact  charred  layer,  which 
increases  the  resistance  under  flame  stress  and  reduces  the 
combustion  rate.  Thus,  due  to  this  additional  protective 
glassy  barrier  the  flame  retardancy  is  improved  and  the 
evolution  of  smoke  density  is  also  effectively  suppressed. 
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Figure  9  The  weight  loss  curves  versus  time 
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Abstract 

In  consideration  of  the  environmental  effects  of  optical  drop 
cables,  indoor  cables,  and  termination  cables  which  are  used  near 
subscribers,  we  developed  cables  that  employ  jackets  composed  of 
halogen-free  material.  We  developed  some  halogen-free 
materials  for  cable  jacket  of  the  three  cable  types,  to  suit  both  the 
environmental  conditions  and  the  cable  characteristics.  Because 
halogen-free  materials  have  different  chracteristics  from 
conventional  PVC,  we  investigated  how  to  maintain  cable 
performance.  For  lateral  pressure  performance  of  indoor  cables 
and  for  transmission  losses  of  optical  cord  at  low  temperatures, 
we  particularly  investigated  the  cross-  sectional  shape  of  the 
indoor  cable  and  the  shrinking  force  of  optical  cord  jacket 
materials  at  low  temperatures.  Obtaining  satisfactory  mechanical 
characteristics  for  each  of  these  types  of  cables,  we  succeeded  in 
developing  halogen-free,  flame-retardant  optical  fiber  cables. 

Keywords 

Halogen-free;  Flame  retardant;  Drop  cable;  Indoor  cable; 
Tennination  cable 


1.  Introduction 

With  the  rapid  growth  of  optical  network  systems,  optical  fibers 
have  become  increasingly  used  inside  office  buildings  and 
homes.  The  cables  used  near  subscribers  in  office  buildings  or 
homes  include  optical  drop  cables  for  fiber  dropping  to  homes, 
indoor  cables  for  wiring  in  homes,  and  termination  cables  for 
connection  to  optical  modules.  These  cables  are  shown  in  figures 
1-3.  The  cables  must  be  small  because  they  are  installed  in  narrow 
spaces,  such  as  inside  the  walls  or  floors  of  homes  and  inside 
small-  diameter  pipes.  The  cable  sizes  are  therefore  minimized  by 
using  0.25 -mm  optical  fiber  and  thinner-than-usual  cable 
jacketing.  These  cables  conventionally  employed  a  jacket  made  of 
PVC.  PVC,  however,  contains  halogen,  which  emits  harmful 
gases  upon  combustion,  producing  negative  effects  on  the 
environment.  In  view  of  this  problem,  we  developed  an  optical 
drop  cable,  indoor  cable,  and  termination  cable  of  halogen-free 
material. 


Halogen-free  flame- 
retardant  cable  jacket 


Steel  member 

Cable  Size:  1 .6  X  3.0mm 


Fig.1  Structure  of  the  indoor  cable 


Halogen-free  flame- 
retardant  cable  jacket 


Cable  Size:  2.6  X  3.8  mm 


Fig.2  Structure  of  the  termination  cable 
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SM  optical  fiber 
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Halogen-free 
flame-  retardant 
cable  jacket 


Cable  Size:  2.0  X  4.5  mm 


Fig.3  Structure  of  the  optical  drop  cable 
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2.  Requirements  for  the  halogen-free, 
flame-retardant  cables 

The  criteria  for  the  development  of  all  halogen-free  cables  used 
near  subscribers  were  as  follows: 

•  To  have  adequate  flame  retardation 

•  Use  of  halogen-  free  materials 

The  other  criteria  varied,  depending  on  the  environments  in  which 
the  cables  are  to  be  used. 

2.1  Requirements  for  outdoor  use  (for  an  optical 
drop  cable) 

•  Low  degradation  by  ultraviolet  rays 

•  Durability  below  -30°C 

•  Resistance  to  acids  and  basis 

2.2  Requirements  for  indoor  use  (for  indoor  cable 
and  termination  cable) 

•  Cream  or  other  light  color  for  cable  jacket  to  harmonize  with 
interiors 

3.  Cable  design 

An  optical  fiber  is  composed  of  glass  and  UV  resin,  so  flame- 
retardation  of  an  optical  fiber  cable  is  achieved  by  applying  a 
flame-retardant  jacket  material  around  the  fiber.  The  cables  used 
near  subscribers  have  thin  cable  jackets  for  minimized  structure, 
so  that  adequate  flame-retardation  must  be  obtained  by  using  a 
higher-performance  flame-retardant  agent  or  by  incorporating 
more  of  the  flame-retardant  agent.  When  more  flame-retardant 
agent  is  compounded  into  a  cable  jacket  material,  the  original 
properties  of  the  jacket  material  deteriorate  and  cable  performance 
characteristics  also  deteriorate.  It  is  therefore  important  to  balance 
flame-retardation  with  cable  performance  in  developing  halogen- 
free  flame-retardant  cables  used  near  subscribers. 

3.1  Design  of  the  optical  drop  cable 

3. 1. 1  Investigation  of  cable  jacket  material 

In  designing  the  halogen-free  optical  drop  cable,  we  regarded 
long-term  reliability  as  more-than-usually  important  because  this 
cable  is  used  outdoors.  We  chose  polyolefin  as  the  cable  jacket 
material  and  selected  a  flame-retardant  agent  with  a  high  enough 
level  of  flame  retardation  that  it  could  be  used  in  small  quantity. 
We  maintained  the  original  properties  of  polyolefin  by  using  this 
high-performance  flame-retardant  agent  in  decreased  quantity. 
This  resulted  in  a  cable  jacket  material  having  sufficient 
mechanical  strength,  resistance  to  ultraviolet  radiation  and  to 
acids,  and  durability  below  -30°C. 


3.2  Design  of  the  indoor  and  the  termination 
cables 

3.2. 1  Investigation  of  cable  jacket  material 

In  designing  the  halogen-free  indoor  and  termination  cables, 
which  are  both  used  indoors,  we  regarded  harmony  with  interiors 
as  more  important  than  in  the  case  of  the  outdoor  drop  cable.  We 
therefore  developed  cable  jacket  materials  with  cream  or  other 
light  colors.  We  chose  polyolefin  as  the  cable  jacket  material  and 
selected  a  flame-retardant  agent  with  light  color  to  match  the 
cable  jacket  color.  This  flame-retardant  agent  has  a  lower  level  of 
flame -retardation  than  that  of  the  optical  drop  cable,  so  we 
obtained  sufficient  flame-retardation  by  compounding  a  larger 
quantity  of  the  agent  into  the  cable  jacket  material. 

3.2.2  Improvement  of  lateral  pressure  characteristics  in 
an  indoor  cable. 

In  the  halogen-free  cable  jacket  material  for  indoor  use,  a  larger 
proportion  of  flame-retardant  agent  was  incorporated,  so  the 
properties  of  the  polyolefin  were  affected.  The  Young's  modulus 
of  the  polyolefin  became  smaller  than  that  of  conventional  PVC, 
and  this  induced  deterioration  of  the  lateral  pressure 
characteristics  of  the  cable. 

(a)  Cause  of  transmission  loss  increase  under  lateral 
pressure 

Figure  4  shows  the  mechanism  of  transmission  loss  increases  in 
the  indoor  cable.  It  is  assumed  that  the  indoor  cable  installed  on  a 
floor  may  receive  pressure  from  the  base  of  a  desk  or  from  a 
human  foot.  In  this  case,  a  bend  in  the  cable  jacket  is  created  by 
the  edge  of  the  base  of  the  desk  or  the  human  foot.  That  bend  also 
occurs  in  an  optical  fiber.  The  bend  in  the  optical  fiber  causes 
increased  transmission  losses.  The  halogen-free  material  we 
developed  has  a  smaller  Young's  modulus  than  does  conventional 
PVC,  so  flexural  rigidity  of  the  halogen-free  material  is  lower 
than  that  of  PVC.  It  is  therefore  easy  for  the  bend  to  be  created  by 
a  desk  or  a  foot  pressing  on  the  cable  jacket,  increasing  the 
transmission  losses  caused  by  lateral  pressure  to  levels  greater 
than  those  of  PVC. 

(b)  Improvement  of  lateral  pressure  characteristics 

We  investigated  the  cross-sectional  shape  of  the  indoor  cable.  To 
prevent  an  increase  in  transmission  losses  caused  by  lateral 
pressure,  we  designed  an  almost-rectangular  cable  cross-section, 
as  shown  in  figure  5.  The  nearly  rectangular  shape  of  the  cable 
cross  section  increases  the  flexural  rigidity  of  the  cable.  A  simple 
explanation  is  given  below.  An  elliptic  shape,  as  shown  in  figure 
6(a),  approximates  the  conventional  cross-sectional  shape  of  the 
indoor  cable,  and  a  rectangular  shape,  as  shown  in  figure  6(b), 
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approximates  that  of  the  newly  designed  one.  Flexural  rigidity  of 
these  two  shapes  is  expressed  as 

Elliptic  shape:  (tt/64)  xA3B 
Rectangular  shape:  (1/12)  xA3B 
and  because  (tt/64)  is  less  than  1/12, 

(tt/64)  xA3B  <  (1/12)  xA3B 

This  relationship  shows  that  the  rectangular  shape  has  greater 
flexural  rigidity  than  does  the  elliptic  shape.  The  flexural  rigidity 
of  the  cable  jacket  thus  can  be  increased  by  using  the  shape 
similar  to  a  rectangle,  in  other  words  by  widening  the  straight  part 
a,  as  shown  in  figure5.  To  confirm  this  effect,  we  manufactured 
halogen-free  indoor  cables  with  varying  the  straight  part  a. 

(c)  Design  of  the  cross-sectional  shape  of  the  cable 

The  wider  the  straight  part  a,  the  more  the  cross-sectional  shape 
of  the  cable  resembles  a  rectangle.  Conversely,  the  more  the  shape 
resembles  the  conventional  ellipse,  the  closer  the  condition 
approaches  to  a=0.  Figure  7  shows  the  relationship  between 
length  of  the  straight  part  a  and  the  increase  in  transmission  loss 
under  lateral  pressure.  Length  of  the  straight  part  a  is  expressed 
by  a  relative  value  normalized  at  the  thickness  of  the  cable.  This 
figure  shows  that  transmission  loss  increase  is  suppressed  at  a  = 
0.19  and  is  almost  perfectly  suppressed  at  a  =  0.74.  (The  shape 
becomes  a  rectangle  when  a  =  1.)  Based  on  these  results,  we 
designed  the  cross-sectional  shape  of  the  cable  for  a>0.4 1 ,  which 
adequately  suppresses  any  increase  in  transmission  loss  under 
lateral  pressure. 

Direction  of  lateral  pressure 


Bend  of  cable  jacket 
Bned  of  an  otical  fiber  caused  by  the  edge 

Fig.4  Mechanism  of  transmission  loss  increase  in 
the  indoor  cable  under  lateral  pressure 


Conventional  structure  0.4  mm  steel  member 


o 

Newly  developed  structure 

0.4  mm  steel  member 


cable  jacket  material 

Fig.5  Cross-sectional  shapes  of  the  conventional 
and  newly  developed  indoor  cables 


(a)  Elliptic  shape 


(b)  Rectangular  shape 


A 

1 
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Fig.6  Figures  approximating  the  cable  cross- 
sectional  shapes 
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Length  of  straight  part  £  ^relative) 

Fig.7  Improvement  of  lateral  pressure 
performance  by  use  of  a  cable  cross-sectional 
shape  closer  to  a  rectangle 

3.2.3.  Investigation  of  the  optical  cord  for  the 
termination  cable 

When  the  optical  cord  jacket  for  the  termination  cable  shrinks  at 
low  temperatures,  the  shrinking  force  is  applied  directly  to  the 
optical  fiber  because  aramid  yam  of  strength  member  have 
durability  not  to  compressive  force  but  to  elongation  force.  This 
causes  bending  of  the  optical  fiber,  so  transmission  losses  increase. 
We  developed  several  halogen-free  materials  for  optical  cord  and 
determined  that  these  materials  have  different  properties  from 
each  other.  In  particular,  the  shrinking  force  at  low  temperature 
differs  greatly  among  materials.  Transmission  loss  increases  at 
low  temperatures  are  thus  a  matter  of  concern.  We  manufactured 
five  optical  cords  using  materials  1  through  5  and  evaluated  the 
changes  in  transmission  loss  at  low  temperature.  Figure  8  shows 
the  relationship  between  shrinking  force  of  the  cord  jacket 
material  and  increased  transmission  loss.  Shrinking  force  of  the 
cord  jacket  at  -10  °C  is  expressed  by  a  relative  value  normalized 
at  PVC's  shrinking  force.  As  shown  in  figure  8,  we  found  that 


Shrinking  force  at  -10°C  (relative) 


transmission  loss  increase  at  low  temperature  is  significant  for 
materials  1,  2,  and  3,  all  with  shrinking  forces  exceeding  that  of 
PVC.  Generally  shrinking  force  at  low  temperatures  is 
proportional  to  the  Young's  modulus  of  the  material,  and  it  is 
therefore  desirable  to  select  a  material  with  a  small  Young's 
modulus  to  decrease  the  shrinking  force.  The  Young's  modulus 
that  is  too  small,  however,  decreases  flexural  rigidity  of  the  optical 
cord  and  causes  deterioration  of  the  lateral  pressure  characteristics 
of  the  cord.  In  figure  8,  material  5  shows  a  problem  in  its  lateral 
pressure  characteristic,  because  its  Young's  modulus  is  too  small. 
(In  material  5,  transmission  loss  was  more  than  0.1  dB  at  4.9 
N/mm.)  We  chose  material  4  as  the  cord  jacket  material  because  it 
demonstrated  a  good  balance  of  the  two  characteristics. 


4.  Characteristics  of  cables 

4.1  Characteristics  of  halogen  free  cable  and  cord 
jacket  materials 

Table  1  shows  the  characteristics  of  halogen-free,  flame-retardant 
materials  for  the  cables  used  near  subscribers.  Table  2  shows 
results  of  reliability  evaluations  of  cable  jacket  materials  for 
outdoor  use.  As  shown  in  these  tables,  the  materials  chosen  for 
both  indoor  and  outdoor  use  revealed  good  characteristics  with 
using  in  their  intended  environments. 

4.2.  Characteristics  of  cables 

Table  3  shows  the  mechanical  characteristics  of  the  cables  we 
developed.  Excellent  mechanical  characteristics  were  obtained  for 
all  the  cables.  Each  cable  satisfies  the  flame-retardation  test 
specified  by  Japanese  Industrial  Standard  C3005[11.  We  have 
developed  cables  having  higher  level  of  flame -retardation 
equivalent  to  that  of  the  conventional  PVC  jacketing. 


Table.1  Characteristics  of  halogen-free,  flame- 
retardant  cable  jacket  materials 


Test  Item 

Material 

Material 

Material 

A 

B 

C 

Tensile  strength  (Mpa) 

13.0 

9.6 

12.3 

Elongation  at  break  (%) 

620 

210 

240 

Brittle  temperature 

-41 

-23 

-54 

(°c) 

Smoke  density  at  NBS  test 

94 

77 

150 

Degree  of  acidity  of  gases 
during  combustion 
(pH) 

4.1 

4.1 

3.5 
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Table.2  Characteristics  of  reliability  of  cable  jacket 
material  for  outdoor  use 


Item 

Elongation 
retention  (%) 

Material  A 

Thermal  aging  100°Cx48hr 

94 

Durability  at  10%H2SO4 

50°Cx50days 

102 

Durability  at  10%HC1 

50°Cx50days 

105 

Durability  at  3%NaOH 

50°Cx50days 

103 

Oil  resistance  specified  in  ASTM 
50°Cx50days 

102 

Degradation  by  ultraviolet  rays 

4000hr 

90 

Material  A:  Cable  jacket  material  for  the  optical  drop  cable 
Material  B:  Cable  jacket  material  for  the  indoor  and  the 


termination  cables 

Material  C:  Cable  jacket  material  for  the  optical  cord  with  the 
termination  cable 


Table3.  Mechanical  test  for  halogen-free  flame- 
retardant  cables  (@1.55pm) 


Item 

Condition 

Result  of 

cables 

Optical  cord 

for 

termination 

cable 

Transmission 

loss 

Measured  by  OTDR 

<0.22dB/km 

<0.22dB/km 

Temperature 

cycling 

Indoor -10~40°C 

Outdoor  -30~70°C 

<  O.ldB/km 

<  O.ldB/km 

Bending 

R=30mm 

<  0.02dB 

<  0.02dB 

Lateral 

pressure 

Cable: 

1200N/25mm 

Cord: 

4.9  N/mm 

<  0.02dB 

<  0.02dB 

Torsion 

±180° 

<  0.02dB 

— 

Impact 

300gxlm 

<  0.02dB 

— 

Flame 

retardation 

JIS  C  3005 

Passed 

(Inclined  test) 

Passed 

(Horizontal 

test) 

5.  Conclusion 

We  developed  halogen-free,  flame-retardant  cables  for  use  near 
subscribers,  giving  consideration  to  environmental  effects.  Our 
works  are  summarized  as  below. 

(a)  In  designing  the  halogen-free  cable  jacket  material  for  an 
optical  drop  cable,  we  regarded  long-term  reliability  as 
especially  important  because  this  cable  is  used  outdoors. 

(b)  In  designing  the  halogen-free  cable  jacket  materials  for 
indoor  and  termination  cables,  we  regarded  harmony  with 
interiors  as  having  importance  for  indoor  usage,  so  we 
developed  cable  jacket  materials  in  cream  or  other  light 
colors.  In  the  cable  jacket  materials  for  indoor  use,  the 
original  properties  of  the  jacket  material  was  changed  by 
incorporating  a  large  quantity  of  a  flame-retardant  agent, 
degrading  the  cable's  ability  to  withstand  lateral  pressure.  We 
therefore  selected  an  almost-rectangular  shape  for  the  cable 
cross  section  to  restore  the  lateral  pressure  performance. 

(c)  In  the  jacket  material  of  the  optical  cord  for  a  termination 
cable,  we  suppressed  transmission  loss  increases  at  low 
temperatures  and  restored  resistance  to  lateral  pressure  by 
finding  the  optimum  balance  between  shrinking  force  of  the 
cord  jacket  at  low  temperatures  and  the  Young's  modulus  of 
the  cable. 

(d)  Test  results  confirmed  that  each  cable  had  good  material  and 
mechanical  characteristics  and  had  a  higher  level  of  flame- 
retardation  equivalent  to  that  of  conventional  PVC. 

We  were  able  to  develop  halogen-free  flame-retardant  cables  for 
use  near  subscribers  and  demonstrated  that  these  cables  have 
characteristics  at  least  as  good  as  those  of  conventional  PVC 
cables. 
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1.  ABSTRACT 

Over  the  past  15  years,  halogen  free,  fire  retardant  systems 
have  progressed  sufficiently  in  Europe  to  become  an 
acceptable  part  of  the  cable  maker’s  technology1,2,3.  This  is 
not  so  in  the  USA,  use  of  these  products  generally  being 
confined  to  cables  being  imported  back  into  Europe.  Both 
fire  regulations  and  cable  fire  test  differences  have  severely 
restricted  growth  in  North  America,  with  criteria  such  as 
UL  1666  Riser  vertical  fire  test4  requiring  a  higher  level  of 
fire  retardancy  compared  to  the  European  norms  IEC  60332 
parts  3  A  and  3C5.  Previously  with  power  cables  there  has  not 
been  a  problem  with  meeting  UL  1666  requirements  in  view 
of  the  specified  constructional  methods  used  for  these  cables. 
However,  where  data  and  telephone  cables  are  concerned, 
the  jacketing  is  usually  of  a  much-reduced  radial  thickness 
leading  to  an  overall  reduction  in  the  flame-retardant  content 
of  the  cable.  This  is  reflected  in  turn  by  the  large  scale  fire 
test  performance  of  such  cables,  making  the  achievement  of 
UL  1666  and  IEC  60332  part  3A  performance  a  much  more 
difficult  prospect.  Compound  D36  will  now  allow  the  cable 
maker  to  produce  such  constructions  that  will  meet  UL  1 666 
with  a  high  degree  of  comfort  whilst  maintaining  acceptable 
levels  of  processability  and  meeting  all  other  needs  and 
requirements  of  halogen  free,  low  smoke,  fire  retardant 
sheathing  compounds.  The  paper  outlines  the  development 
and  technical  benefits  of  compound  D36. 

One  of  the  key  attributes  necessary  to  improve  fire 
performance  of  cables  is  to  enhance  the  char  stability  of  the 
sheath.  This  property  alone  aids  the  protection  of  the  inner 
construction  of  the  cable.  This  new  compound  exhibits 
excellent  char  cohesion  and  hence  is  a  key  factor  in  the 
cable's  performance  during  large-scale  fire  tests.  Other  fire 
properties  illustrating  significant  improvements  are  reduced 
heat  release  and  smoke  generation  with  cone  calorimetry 
being  the  chosen  method  of  analysis  for  determining  the 
predicted  fire  performance  of  the  sheathing  material. 

2.  INTRODUCTION 

Although  there  have  been  no  recent  major  changes  within 
North  America  in  terms  of  cable  fire  testing,  the 
Construction  Products  Directive  (CPD)  has  proposed  new 
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modified  fire  test  criteria  for  Europe.  Initially  it  was 
believed  fire  testing  in  European  countries  may  include 
similar  methods  to  UL910  (Steiner  Tunnel)6,  HIFT 
systems.  Currently  the  legislation  is  moving  more  towards 
a  modified  IEC  60332  part  3  test,  including  heat  release 
and  smoke  generation  as  well  as  the  existing  height  of  bum 
criteria.  Table  1  summaries  the  proposed  Euro-classes  in 
broad  terms. 


Table  1  -  CPD  Euro-classes. 


Class 

Test 

Method 

Main  Criteria 

Additional 

Criteria 

Cable 

Types 

Ac 

Undecided 
but  main 
test  thought 
to  be  332-3, 
modified  to 
include  heat 
release  and 
smoke.  (Ref 
FIPEC) 

Not  applicable  to  polymer 
insulated/sheathed  cables. 

M.  1. 

Be 

Fire 

propagation; 
Total  heat 
release; 
Rate  of  heat 
release; 

Increasing 
levels  of  fire 
performance, 
Ec  to  Be 

Flaming 

droplets, 

smoke 

production 

Mainly 
LSOH 
power  & 
data 

Cc 

Dc 

Ec 

Flaming 

droplets 

PVC 
power  & 
data 

Fc 

No  performance  specified 

Halogen  free  system  are  generally  well  specified  in  terms 
of  low  smoke  emission;  therefore,  logically,  all  efforts 
were  directed  towards  improving  both  fire  retardance  and 
reducing  the  levels  of  heat  release. 

The  cone  calorimeter  was  an  ideal  method  of  analysis  for 
the  development  of  compound  D36  in  terms  of  the 
improved  fire  properties  required.  Throughout  the 
development,  all  trial  formulations  were  analysed  in  terms 
of  peak  heat  release,  total  heat  release,  average  heat  release 
and  time  to  ignition  via  the  cone  calorimeter.  All  data  will 
be  illustrated  within  the  paper.  Additional  fire  test  data  has 
also  been  assessed  in  terms  of  smoke  generation,  oxygen 
index,  temperature  index  and  cable  fire  testing.  All 
additional  technical  performance  data  for  compound  D36 
will  be  discussed  and  illustrated  within  the  paper  and 
compared  to  data  normal  expected  from  high  performance 
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halogen  free,  fire  retardant,  low  smoke  sheathing 
compounds. 

Several  comparisons  will  made  throughout  the  paper 
against  international  specifications  illustrating  that 
compound  D36  is  not  only  excellent  in  terms  of  its  fire 
performance  but  is  also  capable  of  complying  with  all 
physical  requirements  listed  for  applications  within  the 
wire  and  cable  markets. 

3.  PHYSICAL  PROPERTIES 

Mechanical  and  physical  test  requirements  for  halogen 
free,  fire  retardant  compounds  are  now  well  established  in 
many  parts  of  the  world,  especially  in  Europe.  Here, 
specifications  covering  sheathing  compounds  for  use  on 
power  cables  were  established  early,  a  typical  example 
being  BS  7655  type  LTS  l7.  Compound  D36  more  than 
exceeds  these  requirements  as  is  shown  in  Table  1. 

More  recently,  the  European  countries  have  agreed  a 
common  specification  covering  sheathing  requirements  for 
telecommunication  and  data  cables.  The  requirements  of 
this  specification,  HD  624  part  78  are  also  shown  in  Table 

1. 


Table  1  -  D36  vs  BS  7655  type  LTS1 
and  HD  624  part  7 


Properties 

BS  7655 
Type 
LTS1 

HD  624 
Part  7 

Comp'd 

D36 

Tensile  Strength 

10  MPa 

9  MPa 

12  MPa 

(min) 

(min) 

Elongation  at 
Break 

100% 

(min) 

125% 

(min) 

165% 

After  ageing  for 

7  days  at  1 00SC 
T.S.  variation 

±40  % 

±30  % 

+24  % 

E@B  value 

(max) 

100% 

(max) 

100% 

140% 

E@B  variation 

(min) 

±40  % 

(min) 

±30  % 

-15% 

(max) 

(max) 

Heat  Shock  for 

Pass  @ 

Pass  @ 

Pass  -  no 

1  hour 

150SC 

130eC 

cracks 

Cold  Bend 

Pass  -  no 

Pass  -  no 

Pass  -  no 

At  -1 5eC 

cracks 

cracks 

cracks 

Cold  Elongation 

At  -1 5eC 

20% 

(min) 

20% 

(min) 

85% 

Hot  Pressure 

50% 

50% 

25% 

80SC  for  4  hours 

(max) 

(max) 

Requirements  in  the  USA  however  are  not  so  clear.  Here, 
the  preference  is  to  measure  the  halogen  free,  fire  retardant 
compound  against  the  requirements  of  the  more  standard 
material  that  it  displaces  e.g.  PVC.  A  typical  example  is 
shown  in  Table  2. 


Table  2  -  D36  v  UL  Class  43  PVC 


Properties 

UL  Class  43 
PVC 

Compound 

D36 

Tensile  Strength 

10.3  MPa 
(minimum) 

12  MPa 

Elongation  at  Break 

100% 

(minimum) 

165% 

After  ageing  for 

1 0  days  at  1 00QC  : 
T.S.  variation 

E@B  variation 

>  70  % 
retention 

>  65  % 
retention 

125% 

retention 

75  %  retention 

Heat  Shock 

121QC  for  1  hour 

Pass 

(no  cracks) 

Pass 

(no  cracks) 

Cold  Bend 

At -25°C 

Pass 

(no  cracks) 

Pass 

(no  cracks) 

A  more  important  difference  between  these  groups 
however  has  been  the  fire  test  requirements  for  the  relevant 
cables.  Ever  since  their  introduction,  European  power 
cable  compounds  have  been  required  to  perform  well  in 
the  various  IEC  60332  part  3  category  fire  tests.  This  has 
never  been  a  problem  for  this  class  of  cable  with  their 
naturally  flame  retardant  compound  rich  constructions. 
More  difficult  has  been  the  performance  of  the 
telecom/data  with  initially  a  high  reliance  on  the  use  of 
flame  retardant  tapes  and  over-size  sheath  radial 
thicknesses  in  the  cable  constructions.  However,  later 
compounds,  e.g.  Compound  S5409  have  overcome  these 
difficulties  allowing  thin  radial  sheath  constructions  with 
minimal  use  of  tapes. 

Now  we  have  been  able  to  extend  these  compound  design 
techniques  to  develop  the  new  Compound  D36  which  is 
suitable  for  the  demanding  UL  1666  applications  and  also 
for  the  new  higher  specification  CPD  Euro-classes. 

4.  FIRE  PERFORMANCE 

4. 1  Cone  Calorimeter 

A  Fire  Testing  Technology  Cone  Calorimeter  was  used  to 
conduct  experiments  according  to  ASTM  1354-90.  The 
method  is  based  on  oxygen  consumption  calorimetry.  All 
samples  tested  were  in  the  form  of  plaques  (100  x  100  x 
5mm)  and  were  wrapped  in  aluminium  foil  (0.3mm 
thickness).  These  were  exposed  in  a  horizontal  orientation  to 
an  external  heat  flux  of  either  50  kW/m2  or  75kW/m2.  The 
lower  heat  flux  was  used  to  compare  Compound  D36  to 
other  standard,  but  less  flame  retardant,  halogen  free 
compounds.  The  higher  heat  flux  was  used  when  comparing 
different  D36  formulations.  This  was  used  so  that  differences 
not  seen  at  the  lower  flux  were  shown;  also  this  heat  flux  is 
nearer  that  used  in  the  UL  910  (Steiner  Tunnel)  test  of  88 
kW.  The  fire  behaviour  of  the  samples  was  evaluated  using 
the  cone  calorimeter,  which  allowed  a  quantification  of  the 
combustion  behaviour  of  the  polymers  under  well-ventilated, 
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controlled  radiant  heat  transfer  conditions  simulating  real 
fire  conditions.  The  most  important  parameters  determined 
are  the  heat  release  rate  (HRR,  kW/m2)  and  maximum  HRR 
(Peak  HRR)  because  they  define  the  fire  size10.  Since  the 
shape  of  the  HRR  curve  varies  for  different  samples  the 
average  HRR  is  also  reported  for  the  duration  of  flaming 
combustion.  Other  important  parameters  determined  were 
time  to  ignition  (TTI,  s),  flameout  time  (s),  and  mass  loss 
rate  (MLR,  g/s)  as  well  as  the  smoke  production  and  the 
formation  of  toxic  gases.  The  volume  of  smoke  production 
was  determined  as  the  specific  extinction  area  (SEA,  m2/kg) 
and  the  toxicity  of  the  gases  characterised  by  the  CO  yield 
(kg/kg). 

4.2  Heat  Release  and  Smoke  Data 

The  following  figures  show  how  Compound  D36  was 
formulated  to  improve  the  overall  flame  retardant 
properties  compared  to  standard  production  compounds  - 
the  second  generation  S300  and  the  third  generation  S540. 
All  three  compounds  were  exposed  to  a  heat  flux  of 
50kW/m2;  when  36kW/m2  was  used,  the  formulations  self 
extinguished  in  the  early  stages  of  the  burning  process 
leading  to  less  than  10%  mass  loss. 


The  results  obtained  from  the  heat  release  rate  (HRR)  and 
specific  extinction  area  (SEA-smoke)  are  shown  in 
graphical  form  in  Figures  1  and  2. 


Figure  1  -  Heat  Release  Rate  Comparison  at  50kW 

As  shown  from  both  graphs  there  is  a  decrease  in  both  the 
peak  HRR  and  SEA  from  our  second  generation 
Compound  S300  to  our  proposed  fourth  generation 
Compound  D36. 

This  overall  improvement  trend  of  flame  properties  is  also 
confirmed  in  the  increase  of  time  to  ignition  (TTI)  from 
60secs  for  S300,  85secs  for  S540,  to  96secs  for  D36.  The 
improvement  in  properties  for  Compound  D36  is 
attributable  to  formulation  changes  but  mainly  to  the 
addition  of  a  char-promoting  additive,  all  of  which  are 
halogen  free.  The  benefits  of  Compound  D36  derive  from 
the  insulating  properties  conferred  by  the  formation  of  an 
intumescent  char. 


Figure  2  -  Specific  Extinction  Area  Comparison 
at  50kW 


In  order  to  show  further  improvements,  all  subsequent  D36 
formulations  were  tested  on  the  cone  calorimeter  at  a  heat 
flux  of  75kW/m2.  For  comparative  reasons  D36  was  tested 
at  both  heat  fluxes.  The  peak  HRR  increased  from  1 1 1  to 
137kW/m2.  The  resulting  peaks  have  also  increased  due  to 
the  increase  in  heat  flux. 

In  order  to  make  further  improvements,  synergistic  char 
promoters  and  other  additives,  all  of  which  are  halogen 
free,  have  been  investigated.  These  possess  different 
modes  of  action  as  flame-retardants,  all  of  which  result  in 
an  accumulative  benefit.  The  HRR  of  two  of  the  most 
recent  development  formulations  together  with  D36  are 
shown  in  Figure  3. 


Figure  3  -  Heat  Release  Rate  Comparison  at  75kW 


This  figure  shows  that  the  second  peak  in  D36  can  be 
eliminated  together  with  a  reduction  in  the  peak  HRR  for 
formulation  A. 

4.3  ASTM  E662 

The  ASTM  E662  test  method11  was  used  to  assess  the 
smoke  emission  of  Compound  D36.  Figure  4  shows  the 
results  for  the  flaming  mode  and  Figure  5  those  for  the 
non-flaming  mode.  Tests  in  both  modes  were  carried  out 
on  1.5mm  thick  plaque  samples. 
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Figure  4  -  Smoke  (Flaming  Mode) 


Figure  5  -  Smoke  (Non-flaming  Mode) 


4.5  Combustion  Gases  and  Toxicity  index 

The  most  common  methods  of  test  for  the  quantities  of 
acid  and  corrosive  gases  evolved  during  combustion  are 
now  grouped  together  in  IEC  6075413.  The  toxicity  of  the 
gases  is  evaluated  using  the  NES  713  method14.  The  index 
produced  is  computed  by  measuring  the  concentrations  of 
12  selected  gases  evolved  under  the  specified  fire 
conditions.  Table  4  shows  the  results  of  these  tests  ranged 
against  the  generally  accepted  cable  industry  standard. 
Again  these  demonstrate  the  superior  level  of  performance 
of  Compound  D36. 


Table  4  -  Combustion  Gases  Analysis 


Properties 

D36 

Standard 

Acid  gas  emission  (%) 

zero 

0.5  maximum 

pH 

5 

4.3  minimum 

Conductivity  (p.S/cm) 

10 

100  maximum 

Toxicity  Index 

1 

5  maximum 

5.  CABLE  FIRE  TESTS 

Category  5  data  cables  both  FTP  and  UTP  versions  were 
sheathed  with  compound  D36  and  subjected  a  variety  of 
cable  fire  tests:  - 

IEC  60332-1  single  wire,  vertical  flame  test15  -  the 

maximum  height  of  the  cable  charred  or  affected  as 
measured  from  the  point  of  flame  application  was 
<  6  cms  for  both  constructions. 


Both  figures  clearly  show  the  improvements  in  smoke 
evolution  that  have  been  achieved  with  Compound  D36 
when  compared  to  second  and  third  generation  halogen 
free,  fire  retardant  compounds. 

4.4  Materiai  Fire  Tests 

There  are  two  tests  generally  used  by  the  cable  industry  to 
assess  the  degree  of  fire  retardance  of  materials.  These  are 
the  Critical  Temperature  Index  and  the  Oxygen  Index,  both 
of  which  are  detailed  in  ISO  458912.  The  results  for 
Compound  D36  are  given  in  the  following  table  together 
with  those  for  the  second  and  third  generation  products  for 
comparison. 


Table  3  -  Combustion  Gases  Analysis 


Properties 

S300 

S540 

D36 

Oxygen  index 

35% 

45% 

49% 

Critical 

Temperature  index 

270SC 

330SC 

335eC  ' 

IEC  60332-3  (category  C,  designation  F)  large  scale 
vertical  fire  test  for  bunched  wires  or  cables  -  the 

maximum  height  of  the  cable  charred  or  affected  as 
measured  from  the  bottom  of  the  burner  was  <  70  cms 
for  both  cable  types  (in  front  of  the  cable  group). 

IEC  60754-1  acid  gas  evolution  -  the  average  gas  yield 
expressed  as  hydrogen  chloride  was  <  5  mg/g. 

IEC  61034  smoke  density  test  (3  metre  cube)16  -  the 

minimum  light  transmission  recorded  was  >  85%  for 
both  cable  constructions. 

The  Category  5  FTP  cable  sheathed  with  compound  D36 
was  also  subjected  to  a  second  IEC  60332  part  C  cable  fire 
test.  Heat  release  and  smoke  generation  has  been  included 
in  a  modified  version  of  this  vertical  fire  test  as  developed 
by  the  FIPEC  research  project17.  The  values  achieved  are 
listed  in  table  5.  All  data  achieved  is  expected  to 
comfortably  meet  the  proposed  new  requirements  as 
defined  by  category  B  of  the  new  European  CPD 
legislation. 
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Table  5  -  Modified  60332  (FIPEC)  data. 


Criteria 

Value 

Peak  Heat  Release  of  cable. 

0  to  10  minutes.  (kW) 

13.3 

Peak  Heat  Release  Rate  of  cable. 

10  to  20  minutes.  (kW) 

16.24 

Total  Heat  Released  at  10  minutes. 

(MJ) 

4.63 

Total  Heat  Released  at  20  minutes. 

(MJ) 

9.77 

Peak  Smoke  Release  Rate  of  cable. 
(m2/s) 

0.33 

Total  Smoke  Released  at  10  minutes. 
(m2) 

67.8 

Total  Smoke  Released  at  20  minutes. 
(m2) 

145.5 

Maximum  extent  of  charred  portion 
measured  on  the  cable,  (m) 

0.97 

6.  CONCLUSION 

A  halogen  free,  flame  retardant,  low  smoke  sheathing 
material  has  been  developed  to  support  cable  constructions 
in  meeting  cable  fire  test  requirements  both  in  USA  and  in 
Europe.  This  material  is  suitable  for  all  areas  of  cable 
sheathing  manufacture,  power/energy,  telecommunication, 
data  and  fibre  optic  applications. 

Compound  D36  will  now  allow  the  cable  maker  to  produce 
such  constructions  that  will  meet  UL  1666  and  the  higher 
Euro-class  categories  as  outlined  in  the  newly  proposed 
CPD  fire  test  requirements  with  a  high  degree  of  comfort 
and  maintain  acceptable  levels  of  processability. 

This  new  compound  exhibits  excellent  char  cohesion  and 
hence  is  a  key  factor  in  the  cable's  performance  during 
large-scale  fire  tests.  Overall,  D36  represents  an  innovative 
breakthrough  in  halogen  free,  low  smoke,  fire  retardant 
sheathing  materials. 
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ABSTRACT 

Thermal  effect  on  material  properties  and  transmission 
performance  of  coaxial  drop  cables  has  been  studied  in 
this  study.  Transmission  performance  studied  includes 
characteristic  impedance,  attenuation,  structural  return 
loss,  velocity  of  propagation  and  capacitance.  The 
material  properties  of  insulation  can  be  qualified  by  the 
changes  in  transmission  characteristics.  Cable  material 
property  discussed  is  the  dielectric  constant  of  insulation. 
Changes  in  attenuation,  capacitance  and  velocity  of 
propagation  are  very  appropriate  to  be  considered  as  a 
quality  of  insulation  material  property.  Structural 
return  loss  is  not  a  good  property  to  qualify  the 
insulation  material  property,  but  is  an  important 
performance  to  further  study  the  foam  structure  of  PE 
dielectrics.  Furthermore,  degradation  of  PE  dielectrics 
and  migration  of  plasticizer  from  PVC  jacket  were 
studied  by  FTIR. 

INTRODUCTION 

Coaxial  cable  has  been  used  in  video  and  broadband 
applications  for  a  long  time.  Coaxial  drop  cables  are 
designed  to  carry  high  frequency  radio  waves  (5  MHz  to 
1  GHz)  from  some  distribution  point  to  the  user  [1]. 

Coaxial  drop  cable  typically  consists  of  two  concentric 
conductors  separated  by  an  insulation  material.  The 
center  conductor  consists  of  a  copper-clad  steel,  whereas 
outer  conductor  is  made  up  of  a  combination  of  a 
laminated  aluminum  tape  and  aluminum  braid  wire. 
Otherwise,  PE  (polyethylene)  and  PVC  (polyvinyl 
chloride)  are  usually  used  as  cable  insulation  material 
and  cable  jacket  material,  respectively. 

PE  is  chosen  as  the  cable  insulation  polymer  since  it  can 
provide  coaxial  cable  with  favorable  electrical 
characteristics.  Furthermore,  the  PE  is  usually  foamed 
to  reduce  the  dielectric  constant  and  then  provide  high 
performance  coaxial  cable.  However,  mechanical 
strengths  of  PE  dielectrics  and  PVC  jacket  significantly 
dropped  that  may  be  attributed  to  degradation  of  PE 
dielectrics  and  migration  of  plasticizer  from  PVC  jacket. 

Chen  et  al.  studied  the  processing  of  foamed  PE  for  high 


performance  coaxial  cable  applications  and  suggested 
that  if  the  foam  maintains  a  consistent  and  uniform  cell 
structure,  then  it  is  capable  of  superior  electrical 
performance,  such  as  stability  of  structural  return  loss, 
characteristic  impedance  and  capacitance  [2]. 

Thermal  aging  effect  on  high  frequency  transmission 
characteristics  of  coaxial  drop  cables  has  been  studied  in 
our  study  group  [3].  It  has  concluded  that  the  changes 
in  electrical  characteristics  were  attributed  to  insulation 
properties  changed.  Based  upon  the  previous  study, 
this  study  continues  to  further  study  the  thermal  effect 
on  the  material  properties  of  coaxial  drop  cable  and  to 
provide  the  relationship  between  cable  electrical 
properties  and  cable  material  properties. 

Cable  material  property  discussed  is  the  dielectric 
constant  of  the  insulation.  During  the  aging  process, 
material  properties  of  center  conductor,  PE  dielectrics 
and  PVC  jacket  were  studied  by  Auger  Electron 
Spectroscopy  (AES)  and  Fourier  Transform 
Spectrometer  (FTIR).  Furthermore,  there  will  be  five 
electrical  properties,  including  four  high  frequency 
properties,  characteristic  impedance,  structural  return 
loss,  velocity  of  propagation  and  attenuation,  and  one 
low  frequency  property,  capacitance,  examined.  It  is 
well  known  that  these  five  electrical  parameters  are 
related  to  the  dielectric  constant  of  the  insulation 
material.  For  clearly  explaining  each  parameter,  the 
relation  between  dielectric  constant  and  each  electrical 
property  will  be  described  below. 

EXPERIMENTAL  SECTION 

Six  samples  used  in  this  work  were  from  three 
manufacturers  (identified  as  C,  T  and  W),  including 
RG-59  and  RG-11  coaxial  drop  cables  for  each 
manufacturer,  and  referred  as  C-59,  C-ll,  T-59,  T-ll, 
W-59  and  W-l  1.  All  samples  have  75  ohm  impedance 
and  are  with  standard  shield. 

The  samples  cut  into  100  meters  in  length  were  prepared 
to  be  aged  at  three  different  temperatures,  55,  85  and 
100°C  in  the  ovens,  and  then  removed  from  the  aging 
environments  after  1,  4,  8,  16,  25,  39  and  52  weeks  for 
electrical  tests.  On  the  other  hand,  the  samples  cut  into 
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30  cm  in  length  were  prepared  at  the  same  aging 
conditions  for  material  property  tests. 

Cable  electrical  measurements  were  performed  by  DCM 
CMS-COAX  system,  which  has  been  described  in 
previous  paper  [3].  All  data  were  stated  as  the  average 
of  values  at  three  individual  measurements  to  ensure  the 
accuracy  of  measurements.  Material  identification 
analysis  were  performed  by  AES  (VG,  Microlab  310D) 
and  FTIR  (Bruker,  IFS-48). 

RESULTS  AND  DISCUSSION 

AES  study  and  FTIR  study .  The  presence  of 
oxidized  copper  on  the  conductor  surface  is  observed  by 
AES  study.  When  the  samples  were  aged  at  100°C,  the 
results  from  depth  profiling  analysis  show  that  oxidation 
layer  was  observed  only  at  the  beginning  of  aging  process. 
Furthermore,  the  thickness  of  oxidation  layer  did  not 
increase  over  the  aging  time.  It  suggests  that  A1  foil 
provides  an  efficient  method  to  isolate  center  conductor 
from  oxygen  and  no  further  oxidation  occurs. 


does  not  penetrate  A1  foil  to  interact  with  PE  dielectrics. 
Furthermore,  PE  degradation  can  not  be  considered  as  a 
quality  of  plasticized  PVC  because  no  DOP  characteristic 
absorption  band  was  observed  in  PE  spectrum. 


Figure  1.  FTIR  spectra  for  the  PVC  jacket  of 
W-11  before  aging  (A),  after  aged  at  100°C  for  26 
weeks  (B)  and  39  weeks  (C). 


FTIR  spectra  are  mainly  used  to  study  the  migration  of 
plasticizer  from  PVC  jacket.  The  spectra  of  PVC  jacket 
and  PE  dielectrics  for  W-l  1  jacket  samples  as  an  example 
are  shown  in  Figure  1  and  2,  respectively.  Three  spectra 
in  these  two  figures  labeled  as  A,  B  and  C  are  the  spectra 
before  aging  and  after  aged  at  100°C  for  26  weeks  and  39 
weeks  aging  periods,  respectively. 

In  Figure  1,  the  absorption  bands  at  2950,  1725,  1290, 
1125  and  1071  cm'1  belong  to  the  characteristic 
absorption  of  DOP  (dioctyl  phthalate),  which  is  the 
plasticizer  of  PVC.  However,  the  intensities  of  these 
bands  decrease  with  the  aging  time.  It  indicates  that  a 
part  of  DOP  is  lost  from  PVC  during  the  aging  periods. 

On  the  other  hand,  in  Figure  2,  no  extra  absorption  bands 
(for  example,  the  absorption  band  of  DOP)  are  observed 
when  the  samples  were  aged  at  100°C  for  26  weeks  and 
39  weeks  aging  periods.  It  means  that  DOP  does  not 
migrate  from  PVC  jacket  to  PE  dielectrics.  Furthermore, 
the  absorption  band  around  1740  cm'1  is  the  characteristic 
absorption  of  C=0  group,  which  is  attributed  to  thermal 
degradation  of  PE  dielectrics.  Based  upon  FTIR  spectra 
for  the  PE  dielectrics  of  all  six  samples,  the  PE  dielectrics 
of  C-ll  provides  the  best  resistance  to  thermal  effect, 
whereas  the  PE  dielectrics  of  C-59  is  the  worst  one. 

Furthermore,  A1  foil  located  between  PVC  jacket  and  PE 
dielectrics  are  also  studied  by  FTIR.  The  spectra  of  the 
inside  of  A1  foil  (i.e.,  face  to  PE  dielectrics)  and  the 
outside  of  A1  foil  (i.e.,  face  to  PVC  jacket)  are  shown  in 
Figure  3.  The  spectrum  of  the  surface  faced  to  PVC 
jacket  clearly  shows  several  characteristic  absorption 
bands  of  DOP,  whereas  the  spectrum  of  the  surface  faced 
to  PE  dielectrics  doesn’t.  The  result  ensures  that  DOP 
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Figure  2.  FTIR  spectra  for  the  PE  dielectrics  of 
W-11  before  aging  (A),  after  aged  at  100°C  for  26 
weeks  (B)  and  39  weeks  (C). 


Figure  3.  FTIR  spectra  for  Al  foil  faced  to  PVC 
jacket  (A)  and  to  PE  dielectrics  (B) 

Characteristic  impedance  measurement.  In 

order  to  reduce  signal  energy  loss,  impedance  matched 
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for  whole  transmission  system  is  a  very  important  issue 
for  various  applications.  In  general,  the  characteristic 
impedance  of  the  cable  varies  as  a  function  of  the 
frequency  of  the  applied  signal,  but  is  not  related  to 
length. 

It  is  well  know  that,  at  very  high  frequencies,  the  value  of 
characteristic  impedance  approaches  to  a  fixed  value  (for 
example,  75  ohm).  The  values  of  this  parameter  at  450 
MHz  were  chosen  for  further  discussion  to  find  out  the 
thermal  aging  effect. 

The  standard  deviation  of  characteristic  impedance  values 
at  three  individual  measurements  is  between  0.00  to  0.25. 

The  characteristic  impedance,  no  matter  what  the  sample 
is,  remains  almost  unchanged  when  the  samples  were  aged 
at  55  and  85°C  over  52  weeks,  whereas  it  definitely 
decreases  with  aging  time  when  the  samples  were  aged  at 
100°C. 

Upon  transmission  theory,  the  characteristic  impedance  of 
the  cable  can  be  determined  by  primary  constants. 
However,  at  high  frequency,  it  can  be  determined  by 
inductance  and  capacitance  only  [4,5].  On  the  other 
hand,  it  can  be  calculated  from  the  outside  diameter  of 
center  conductor  ( d ),  the  inside  diameter  of  outer 
conductor  (D)  and  the  dielectric  constant  of  the  insulation 
(£  )  as  expressed  in  Equation  (1)  [4]. 

zo,~  {ohm)  =  —j=  ■  In  —  (1) 

The  outer  diameter  of  center  conductor  and  the  inside 
diameter  of  outer  conductor  measured  directly  from  the 
samples  are  listed  in  Table  1.  In  this  study,  it  is  simply 
assumed  that  cable  dimension  is  unchanged  during  the 
aging  process. 

Based  upon  characteristic  impedance  data  and  d  and  D 
data  shown  in  Table  1,  the  dielectric  constants  of  the 
insulation  can  be  calculated  by  Equation  1 . 


Table  1 .  Measured  diameters  from  the  samples 


Sample 

Outer  diameter  of  center 

Inside  diameter  of  outer 

conductor  ( d ,  mm) 

conductor  ( D ,  mm) 

C-59 

0.81 

3.60 

T-59 

0.81 

3.57 

W-59 

0.81 

3.69 

C-l  1 

1.63 

7.05 

T-l  1 

1.62 

7.00 

W-ll 

1.62 

6.91 

The  dielectric  constant  data  for  the  samples  aged  at 
85°C  and  100°C  were  calculated  by  Equation  1.  Over 
the  aging  time  up  to  52  weeks,  the  dielectric  constant 
changes  are  between  0.00  and  0.03  for  all  six  samples 
aged  at  85°C,  whereas  they  are  between  0.08  and  0.25 


aged  at  100  C.  It  suggests  that  they  are  small  enough 
to  be  negligible  when  the  samples  were  aged  at  85°C. 

Figure  4  is  a  plot  of  dielectric  constant  changes  vs.  aging 
time  for  all  six  samples  aged  at  100°C  over  52  weeks. 
During  the  aging  process,  T-59  has  the  largest  dielectric 
constant  changes  up  to  0.25  and  C-l  1  is  the  smallest  one 
only  0.08.  On  the  whole,  RG-11  samples  can  provide 
better  insulation  material  property  than  RG-59  ones, 
which  is  probably  attributed  to  larger  cable  dimension 
and  thicker  cable  insulation.  Furthermore,  the 
insulation  material  for  T-59  sample  displays  the  worst 
resistance  to  thermal  aging  effect. 


Figure  4.  Dielectric  constant  changes  for  six 
samples  calculated  from  characteristic  im¬ 
pedance  data  with  aging  time  up  to  52  weeks. 


Structural  Return  Loss  (SRL)  measurement. 

SRL  is  utilized  to  describe  the  portion  of  the  total  return 
loss,  which  is  due  to  these  structural  changes  along  the 
cable  [6].  Structural  variations  of  the  cable  in  a 
periodic  and  random  manner  produce  reflections  of 
signals  within  the  cable  and  reduce  the  signal  strength. 

It  has  to  be  noted  that  SRL  measurements  exhibit  high 
inaccuracy  and  fluctuation.  Although  there  is  no 
equation  to  describe  the  relation  between  SRL  data  and 
dielectric  constant  of  insulation  reported,  a  very 
interesting  result  has  already  been  observed  in  the  SRL 
data  for  T-59. 

Except  the  sample  T-59  aged  at  100°C,  all  other  samples 
have  no  valuable  observations,  even  aged  for  a  period 
up  to  52  weeks.  However,  as  defined,  SRL  is  used  to 
measure  the  uniformity  of  cable  impedance  along  the 
cable.  During  the  aging  process,  if  a  decrease  in  cable 
impedance  is  uniform  along  the  cable,  then  the  cable 
still  has  good  SRL  performance.  It  therefore  indicates 
that  the  other  five  samples  have  stable  SRL  performance 
and  the  foamed  PE  still  has  a  consistent  and  uniform  cell 
structure  for  the  samples  aged  at  100°C  over  52  weeks. 
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Figure  5a.  SRL  data  for  T-59  before  aging  and 
aged  at  100°C  up  to  16  weeks. 


Frecjjercyi  MHz;  A 

Figure  5b.  SRL  data  for  T-59  aged  at  100°C  up 
to  52  weeks. 

The  SRL  data  for  T-59  are  illustrated  graphically  in 
Figure  5a  and  5b.  Figure  5a  includes  the  data  before 
aging  and  after  aged  for  1,  4,  8  and  16  weeks,  whereas 
Figure  5b  shows  the  data  after  aged  for  8,  16,  25,  39  and 
52  weeks.  The  data  are  separated  into  two  parts 
intentionally  to  easily  describe  the  features. 

At  first,  the  SRL  data  remain  unchanged  during  the  first  4 
weeks.  Sequentially,  the  data  start  to  have  slightly  changes 
at  8  weeks,  and  then  have  a  fairly  rapid  change  from  8 
weeks,  1 6  weeks  to  25  weeks.  Finally,  from  25  weeks  to 
52  weeks,  the  data  have  a  gradually  slow  change  with 
time. 

It  seems  difficult  to  draw  conclusions  from  SRL  data. 
However,  It  is  clear  from  the  SRL  result  that,  during  the 
process  aged  at  100°C,  the  foam  structure  of  PE  in  T-59 


sample  can  not  provide  a  consistent  and  uniform  cell 
structure  any  more. 

Velocity  of  propagation  (VP)  measurement.  VP 

is  the  speed  of  an  electrical  signal  down  a  length  of 
cable  compared  to  the  speed  of  light  in  a  vacuum, 
expressed  as  a  percentage  (%).  At  high  frequencies, 
VP  asymptotes  towards  a  constant  value  [7],  The  data 
of  VP  were  measured  at  center  frequency  of  200  MHz  in 
this  study.  The  standard  deviation  of  VP  values  at 
three  individual  measurements  is  always  zero;  VP 
therefore  is  a  reliable  parameter. 

In  the  thermal  effect  study,  the  VP  data  remain  constant 
when  the  samples  were  aged  at  55°C,  whereas  ones 
slightly  decrease  with  a  maximum  of  0.2%  for  W-ll 
aged  at  85  C.  However,  when  the  samples  were  aged 
at  100°C,  the  VP  data  significantly  decrease  with  time. 
For  C-59  samples,  the  VP  data  decrease  with  a 
maximum  of  2.5%. 

For  practical  cables,  VP  depends  on  the  properties  of  the 
insulation  material  surrounding  the  conductor  simply 
expressed  in  Equation  (2)  [7]. 

VP  =  - h  (2) 

a/£ 

Based  upon  Equation  (2)  and  the  VP  data,  the  dielectric 
constants  of  the  insulation  can  be  calculated.  Figure  6  is 
a  plot  of  dielectric  constant  changes  vs.  aging  time  for  six 
samples  aged  at  100°C.  It  needs  to  be  noted  that  there 
are  completely  different  scales  in  Figure  4  and  Figure  6. 
The  difference  between  two  figures  is  probably  due  to  the 
equations  derived  from  different  theory.  However, 
except  T-59,  the  trend  of  dielectric  constant  changes  for 
the  other  five  samples  is  not  similar  for  the  same  sample 
in  these  two  figures  at  all. 

On  the  other  hand,  the  relationship  between  SRL  data  and 
dielectric  constant  of  insulation  for  T-59  can  be  discussed. 
The  trend  of  SRL  data  (shown  in  Figure  5a  and  5b)  is  very 
similar  with  that  of  dielectric  constant  changes  based  upon 
VP  data  (shown  in  Figure  6).  The  data  remain  almost 
constant  during  the  first  4  weeks,  and  then  start  to  have 
slightly  changes  at  8  weeks.  Sequentially,  the  data  have 
a  significantly  rapid  change  from  8  weeks,  16  weeks  to  25 
weeks.  Finally,  ones  have  a  gradually  slow  change  from 
25  weeks,  39  weeks  to  52  weeks. 

It  means  that,  for  T-59  sample,  the  SRL  data  is 
consistent  with  the  dielectric  constants  calculated  from 
VP  data.  On  the  other  hand,  C-59  sample  continues  to 
be  the  same  SRL  performance  but  very  poor  insulation 
property  from  VP  data. 
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Figure  6.  Dielectric  constant  changes  for  six 
samples  calculated  from  VP  data  with  aging 
time  up  to  52  weeks. 


Capacitance  (C)  measurements .  Based  upon  the 
structure  of  coaxial  cable,  there  is  capacitance  between 
center  conductor  and  outer  conductor.  Cable 
capacitance  is  the  only  discussed  parameter  defined  low 
frequency  parameter,  measured  at  a  test  frequency  of  1 
kHz.  The  standard  deviation  of  capacitance  values  at 
three  individual  measurements  is  below  0.10  nF/km; 
capacitance  therefore  is  also  a  reliable  parameter. 

Capacitance  only  increases  with  a  maximum  of  1.00 
nF/km  when  the  samples  were  aged  at  85  C.  Therefore, 
there  is  no  thermal  effect  on  capacitance  when  the  samples 
were  aged  at  55  and  85°C  for  the  aging  time  up  to  52 
weeks.  Furthermore,  when  the  samples  were  aged  at 
100°C,  the  capacitance  data  significantly  increase  with 
time.  The  data  for  T-59  and  C-59  exhibit  the  worst  cases 
due  to  an  increase  near  to  10.00  nF/km. 

The  relation  between  capacitance  and  dielectric  constant 
of  the  cable  insulation  can  be  expressed  as  Equation  (3) 

[5]. 

C(nF  /  km)  =  55'6T—  (3) 

In  — 
d 

Based  upon  this  equation,  an  increase  in  capacitance 
states  clearly  a  decrease  in  dielectric  constant  of  the 
insulation.  Figure  7  is  a  plot  of  dielectric  constant 
changes  vs.  aging  time  for  six  samples  aged  at  100  C. 
Again,  Figure  7  displays  the  same  scale  as  Figure  4,  but 
different  scale  from  Figure  6. 

Comparing  Figure  6  with  Figure  7,  these  figures  show 
that  both  exhibit  almost  the  same  tendency  for  the 
curves  represented  the  same  sample,  especially  for  three 
RG-59  samples. 


Figure  7.  Dielectric  constant  changes  for  six 
samples  calculated  from  capacitance  data  with 
aging  time  up  to  52  weeks. 


Attenuation  measurement  It  is  well  known  that 
attenuation  is  an  expression  of  how  much  signal  energy 
is  lost  due  to  conductor  and  dielectric  losses,  which  have 
been  described  in  the  literature  [2,8].  Generally,  lower 
transmission  loss  of  coaxial  cable  can  be  obtained 
through  the  increase  in  the  conductor  size,  the  reduction 
of  the  dielectric  constant  of  the  insulation,  the  increase 
in  the  insulation  diameter  and  so  forth.  Simply, 
attenuation,  including  conductor  and  dielectric  losses,  is 
directly  proportional  to  the  square  root  of  dielectric 
constant  of  insulation. 

The  standard  deviation  of  attenuation  data  at  three 
individual  measurements  is  between  0.00  and  0.03  dB. 
Based  upon  the  previous  study  and  this  study, 
concerning  the  combination  effect  of  aging  temperature 
and  aging  time  on  attenuation  performance,  no  effect 
was  observed  when  the  sample  was  experienced  at  55  C 
up  to  52  weeks,  whereas  thermal  effect  was  clearly 
shown  at  85°C  and  100°C. 

Although  attenuation  changes  increase  as  increasing  the 
operating  frequency,  attenuation  changes  show  just  a 
somewhat  monotonous  increase  with  the  frequency  as 
higher  than  100  MHz.  Therefore,  as  discussed  for 
characteristic  impedance,  the  values  of  attenuation  at 
450  MHz  were  chosen  for  further  discussion. 

Figure  8  and  9  show  plots  of  dielectric  constant  changes 
(in  arbitrary  unit)  vs.  aging  time  for  six  samples  aged  at 
85  and  100°C,  respectively.  These  two  figures  have 
the  same  units,  but  not  the  real  unit  of  dielectric  constant. 
However,  comparing  to  the  data  for  the  samples  aged  at 
100°C,  the  samples  aged  at  85  C  have  very  stable 
performance  due  to  less  changes  of  dielectric  constant. 
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Agirg  time  (weeks) 

Figure  8.  Dielectric  constant  changes  for  six 
samples  calculated  from  attenuation  data  aged 
at  100°C. 


Figure  9.  Dielectric  constant  changes  for  six 
samples  calculated  from  attenuation  data  aged 
at  85°C. 


Furthermore,  comparing  Figure  9  with  Figure  6  and 
Figure  7,  these  figures  exhibit  almost  the  same  tendency 
for  the  curves  represented  the  same  sample. 

In  summary,  the  T-59  sample  has  similar  trend  of 
dielectric  constant  changes  as  a  function  of  aging  time, 
regardless  of  the  dielectric  constants  calculated  from  the 
data  of  characteristic  impedance,  VP,  capacitance  and 
attenuation.  If  the  T-59  sample  was  aged  at  100°C  for 
8  weeks,  then  the  characteristic  impedance  was 
decreased  by  1.0  ohms,  VP  was  dropped  by  0.2%, 
capacitance  was  increased  by  0.9  nF/km,  and  attenuation 


was  increased  by  3.64  dB/100  m  at  450  MHz. 
Furthermore,  comparing  to  the  standard  deviation  for 
each  parameter  mentioned  above,  it  is  clear  based  on  the 
discussion,  the  attenuation  datum  is  very  appropriate  to 
be  considered  as  a  quality  of  insulation  material 
property. 

CONCLUSION 

During  the  thermal  aging  process,  cable  transmission 
characteristics  exhibit  the  increase  in  attenuation  and 
capacitance,  and  the  decrease  in  characteristic 
impedance,  structural  return  loss  and  velocity  of 
propagation.  The  data  of  attenuation,  velocity  of 
propagation  and  capacitance  are  very  appropriate  to  be 
considered  as  a  quality  of  insulation  material  property. 
On  the  other  hand,  structural  return  loss  is  not  a  good 
property  to  qualify  the  insulation  material  property,  but 
is  an  important  performance  to  further  study  the  foam 
structure  of  PE  dielectrics.  Furthermore,  the  tendency 
of  characteristic  impedance  is  not  consistent  to  that  of 
velocity  of  propagation,  capacitance  and  attenuation,  it 
may  be  due  to  the  other  contribution.  Otherwise,  based 
upon  FTIR  study,  PE  degradation  can  not  be  considered 
as  a  quality  of  plasticized  PVC  because  the  plasticizer  of 
PVC  does  not  penetrate  A1  foil  to  interact  with  PE 
dielectrics. 
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Abstract 

The  telecommunication  cable  industry  has  very  tough 
requirements  for  polymer  stability.  In  harsh  environments 
polypropylene  impact  copolymers  (i-PP)  can  offer  good 
alternative  to  poly(butulene-terephtalate)  (PBT)  which  has  been 
traditionally  used  for  fiber  optic  buffer  tube  applications.  i-PP  has 
another  properties  such  as  low  cost,  flexibility  and  good 
processability,  which  make  it  attractive  material  for  secondary 
coating.  The  location  of  the  middle  capstan,  jelly  type  and  PP 
compound  are  the  most  critical  process  parameters  in  PP 
buffering.  If  the  material  selection  is  done  correctly  then  it  is 
possible  to  reach  almost  the  same  excess  fiber  length  (EFL) 
criteria  with  PP  than  with  PBT.  Several  PP  grades  and  different 
process  conditions  were  investigated  for  secondary  coating  in 
order  to  meet  PP  process  requirements.  Cooling  trough 
construction  and  tube  tension,  as  well  as  the  capstan  position  was 
of  great  interest. 

Keywords 

Polypropylene;  Secondary  coating;  Buffering;  Excess  length;  Shrink 
back,  Cable  cooling 

1.  Introduction 

Despite  the  benefits  which  polypropylene  can  offer  against  PBT  it 
has  not  been  world  wide  used  in  secondary  coating  applications 
because  of  the  difficult  EFL  control.  The  main  difference  between 
PBT  and  PP  is  the  shrinkage  behavior  of  the  material  after 
extrusion.  This  arises  from  the  difference  in  crystallization 
kinetics  of  the  two  materials.  In  the  case  of  PBT  crystallization  is 
very  rapid  and  occurs  almost  instantly  once  the  melt  is  cooled 
below  the  melting  point  of  the  polymer.  The  crystallization  will  be 
completed  by  the  time  the  tube  reaches  the  capstan  wheel.  So  in 
the  case  of  PBT  the  tube  will  only  shrink  after  it  has  left  the 
capstan  wheel  due  to  the  cooling.  This  shrinkage  is  used  to 
generate  and  control  the  EFL  and  it  is  controlled  by  the  difference 
in  temperature  of  the  cooling  baths.  With  PP  the  kinetic  of 
crystallization  is  much  slower,  and  the  material  can  still  crystallize 
after  it  leaves  the  capstan  wheel.  This  can  lead  to  a  high  EFL.  The 
crystallization  behavior  of  polypropylenes  will  vary  dramatically 
from  grade  to  grade  and  will  depend  upon  polymer  chemical 
structure  and  the  inclusion  of  a  nucleating  agent  in  the  material. 
When  targeting  high  line  speeds  with  PP  it  is  important  to  keep 
the  tube  tension  as  low  as  possible.  When  the  line  speeds  are 
increased  the  friction  between  the  tube  and  the  water  batch  will 


increase  exponentially.  When  PP  tubes  are  cooled  down  under 
tension  the  post  extrusion  shrinkage  will  be  extremely  high.  The 
internal  stresses,  which  are  created  during  the  cooling  process, 
will  ruin  the  final  performance  of  the  final  product.  Therefore  the 
construction  based  on  middle  capstan  can  lower  the  shrink  back 
tendency  because  the  capstan  is  equipped  with  driven  wheel 
which  reduces  the  tension  build-up  in  the  cooling  trough. 

There  have  been  several  studies  on  the  use  of  nucleated  PP  grades 
in  secondary  coating  applications  [1-3].  Studies  have  shown  that 
nucleated  PP  grades  can  improve  the  ultimate  use  temperature, 
dimensional  stability  and  mechanical  properties.  The  present  work 
focuses  on  the  investigation  of  the  PP  process  needs  in  order  to 
control  EFL. 

Table  1.  The  effect  of  the  material  selection  on  the 


EFL.  Line  speed  200  m/min;  2/3  mm  tube 


Test 

PP 

PP  grade 

Jelly 

Jelly  type 

EFL/% 

1 

A 

homopolymer 

A 

PBT 

0.6 

2 

B 

copolymer 

A 

PBT 

0.54 

3 

C 

nucleated 

A 

PBT 

0.32 

4 

A 

homopolymer 

B 

PP 

0.55 

5 

B 

copolymer 

B 

PP 

0.34 

6 

C 

nucleated 

B 

PP 

0.05 

1.1  Materials 

The  polypropylene  grades  investigated  in  this  study  are  shown  in 
Table  1.  Grades  A  and  B  have  been  used  in  copper  cable 
applications.  Grade  C  is  nucleated  i-PP,  which  is  obviously  the  most 
suitable  grade  for  secondary  coating  applications.  Two  kinds  of 
jellies  were  tested.  Type  A  is  widely  used  in  PBT  applications.  Type 
B  is  PP  compatible  jelly.  The  preliminary  EFL  results  are  shown  in 
Table  1.  It  clearly  shows  the  importance  of  the  correct  material 
selection  in  PP  buffering.  The  following  studies  were  carried  out 
with  C  type  PP  and  B  type  jelly. 

2.  Results 

High-speed  secondary  coating  line  was  used  in  this  study.  Figure  1 
presents  the  line  configuration.  It  consists  fiber  pay-off,  continuous 
jelly  filling  system,  60-mm  extruder,  cooling  trough  and  automatic 
dual  take-up.  The  cooling  system  is  equipped  with  new  middle 
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capstan  that  is  placed  over  the  cooling  trough.  The  location  of  the 
middle  capstan  can  be  optimized  according  to  the  process  needs. 


Figure  1.  Secondary  coating  line  OFC  40 


Hie  test  line  is  equipped  with  modular  cooling  trough.  The 
automatically  adjustable  telescopic  section  is  based  on  immersed 
water-cooling.  The  other  modules  can  utilize  the  traditional  water 
cooling  methods  or  new  low  friction  cooling  (LFC)  system. 


Crystallization  rate  of  PP 


Temperature/C 

Figure  2.  Crystallization  kinetics  of  Polypropylene 

The  crystallization  kinetics  was  studied  in  order  to  optimize  the 
secondary  coating  for  process  for  PP  needs.  In  this  study  only  macro 
scale  crystallization  was  investigated.  The  basic  idea  was  to 
characterize  the  crystallization  process  in  secondary  coating 
application.  When  these  semi-crystal  polymers  crystallize  the 
density  of  the  material  will  change  dramatically.  For  PP  this  density 
change  is  roughly  5  %  depending  on  the  crystallinity  level  of  the 
polymer.  If  the  tube  crystallizes  on  the  middle  capstan  it  will  lead  to 
uncontrolled  EFL  and  high  shrink  back  characteristics.  The  EFL  can 
only  be  compensated  by  fiber  tension  and  cooling  water  temperature 
if  most  of  the  crystallization  takes  place  before  the  middle  capstan. 
Therefore  it  is  very  important  to  adjust  the  capstan  position 
according  to  the  material  characteristics. 

The  growth  rate  of  the  polymer  crystals  was  investigated  with  the 
following  equation  [4]: 


G  =  A-exp-((Tmax-T)/x)2 

where  G  is  the  grystal  growth  rate  with  units  mass/time,  T^  is  the 
temperature  of  maximum  growth  rate,  and  A  and  x  are  constants  that 
adjust  the  height  and  width  of  the  curve.  Figure  2  presents  the 
crystallization  rate  of  non-nucleated  PP.  The  maximum 
crystallization  rate  for  PP  is  slightly  over  120  °C.  The 
crystallization  kinetics  of  PP  materials  can  vary  dramatically 
according  to  the  molecular  structure  and  the  addition  of  the 
nucleating  agent. 

The  cooling  behavior  of  PP  tube  was  studied  with  infrared 
imaging  camera.  The  surface  temperature  of  the  tube  was 
measured  at  several  locations  in  the  cooling  trough:  3,  5,  7,  9  and 
15  meters.  These  measurements  were  then  implemented  to  the 
cooling  calculation  program,  which  calculates  the  heat  penetration 
to  the  tube. 


Figure  3.  The  maximum  plastic  temperature  vs.  the 
length  of  the  cooling  trough 

Figure  3  shows  that  the  PP  grade  needs  rather  high  temperature 
profile  (high  initial  temperature).  The  crystallization  kinetics  and 
cooling  rate  are  combined  in  Figure  4.  The  slow  grystal  growth  rate 
of  the  PP  occurred  rather  far  away  from  cross  head  at  10  meters.  The 
shape  of  the  PP  crystallization  curve  could  be  adjusted  with  the 
addition  of  the  nucleating  agent.  The  ciystallization  of  the  PP 
compound  takes  place  at  low  temperature  (<130  °C).  The  capstan 
position  should  be  tailored  according  to  the  material  characteristics 
and  process  speeds. 

The  optimum  capstan  position  for  PP  can  be  based  on  the  Figure 
4.  The  capstan  position  seemed  to  play  an  important  role  in  PP 
buffering.  It  was  obvious  that  when  the  middle  capstan  is  too  close, 
to  the  cross  head  then  the  crystallization  will  dramatically  effect  on 
EFL.  If  the  tube  crystallizes  on  the  middle  capstan  it  will  lead  to 
uncontrolled  EFL  and  high  shrink  back  characteristics.  The  EFL  can 
only  be  compensated  by  fiber  tension  and  cooling  water  temperature 
if  most  of  the  ciystallization  takes  place  before  the  middle  capstan. 


International  Wire  &  Cable  Symposium 


446 


Proceedings  of  the  49th 


Figure  5  shows  how  drastically  the  EFL  depends  on  the  middle 
capstan  position.  Tests  were  made  at  200  m/min  and  the  product 
size  was  2.00/3.00  mm.  Actually  the  capstan  position  is  having 
stronger  effect  on  the  EFL  than  fiber  tension.  The  EFL  range  can  be 
controlled  from  0.05  to  0.30%  by  only  changing  the  capstan 
position.  This  method  is  based  on  the  gliding  of  the  fibers  to  the 
capstan.  If  the  jelly  properties  are  not  optimized  to  the  PP  buffering 
then  EFL  is  not  dependent  on  the  capstan  location. 


Crystallization  in  cooling  trough 


Figure  4.  Crystallization  rate  vs.  length  of  the 
cooling  trough 

It  is  possible  to  achieve  low  (<  0.05%)  EFL  with  careful  material 
selection  and  correct  capstan  positioning  even  at  high  speed  (200 
m/min).  The  stability  of  the  products  was  characterized  with  EFL 
measurement  taken  from  the  sample,  which  was  freely  on  floor. 
Polyolefins  have  high  shrink  back  characteristics.  Jacketing 
applications  have  been  using  very  low  draw  down  ratios  in  order  to 
avoid  shrink  back.  Buffering  speeds  are  so  much  faster  that  the 
effect  of  the  tooling  can  be  neclegted  as  a  source  for  internal  stress. 
Tooling  is,  of  course,  playing  important  role  in  jelly  feeding. 

Table  3.  The  effect  of  the  process  parameters  on 
the  shrink  back 


Cooling 

trough 

tension 

Tooling 

DDR 

Speed 

EFL/  % 

initial 

EFL/  % 

(24h) 

Off  reel 

Low 

Low 

Low 

0.02 

0.08 

High 

Low 

Low 

0.01 

0.15 

Low 

High 

High 

0.00 

0.07 

High 

High 

High 

0.02 

0.29 

Table  3  sets  out  that  the  shrink  back  tendency  is  mainly  dependent 
on  the  line  speed  and  the  cooling  process.  When  line  speeds  are 
above  200  m/min  then  the  friction  between  the  water  and  the  tube 
will  increase  dramatically.  If  the  target  line  speed  is  400  m/min  then 
the  tension  that  is  applied  to  the  hot  tube  can  reach  10  Newton’s. 
Rapid  cooling  under  tension  will  certainly  create  internal  stress, 
which  will  relax  and  increase  EFL  remarkably. 


Position  of  the  middle  capstan 


Length  of  the  cooling  trough/m 


Figure  5.  The  effect  of  the  DWC  position  on  the  EFL 

When  targeting  high  line  speeds  with  PP  it  is  important  demand  to 
keep  the  tube  tension  as  low  as  possible.  When  the  line  speeds  are 
increased  the  friction  between  the  tube  and  the  water  batch  will 
increase  exponentially.  When  PP  tubes  are  cooled  down  under 
tension  the  post  extrusion  shrinkage  will  be  extremely  high. 

Therefore  the  construction  based  on  middle  capstan  can  lower  the 
shrink  back  tendency  because  the  capstan  is  equipped  with  driven 
wheel  which  reduces  the  tension  build-up  in  the  cooling  trough. 
Further  improvements  are  based  on  LFC,  which  minimizes  the 
tension  build  up  during  the  cooling  process.  Figure  6  presents  3 
different  tests,  which  are  made  at  200  and  300  m/min.  LFC 
technology  was  tested  at  300  m/min.  It  is  marked  as  LT  in  Figure 
6.  The  initial  EFL  values  were  all  below  0.1  %.  The  sample  made 
at  300  m/min  with  traditional  cooling  trough  had  EFL  above 
0.35%  after  one  day.  It  was  possible  to  lower  the  friction  between 
the  tube  and  the  heat  transfer  media  with  LFC  and  decrease  the 
amount  of  the  internal  stress  in  the  tube. 

3.  Conclusion 

Polypropylene  can  offer  good  alternative  to  PBT,  which  has  been 
traditionally  used  for  fiber  optic  buffer  tube  applications.  PP  has 
another  properties  such  as  low  cost,  flexibility  and  good 
processability,  which  make  it  attractive  material  for  secondary 
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coating.  Despite  the  benefits  which  polypropylene  can  offer  it  has 
not  been  world  wide  used  in  secondary  coating  applications 
because  of  the  difficult  EFL  control. 


The  different  polymer  characteristics  have  to  be  taken  into  account 
when  secondary-coating  process  is  tailored  for  different  buffering 
materials.  If  the  tube  crystallizes  on  the  middle  capstan  it  will  lead  to 
uncontrolled  EFL  and  high  shrink  back  characteristics.  The  EFL  can 
only  be  compensated  by  fiber  tension  and  cooling  water  temperature 
if  most  of  the  crystallization  takes  place  before  the  middle  capstan. 
Therefore  it  is  very  important  to  adjust  the  capstan  position 
according  to  the  material  characteristics.  For  high  speed  PP 
buffering  the  cooling  process  should  be  based  on  low  friction 
technology  in  order  to  guarantee  stabile  products. 

The  cooling  process,  jelly  type  and  PP  compound  are  the  most 
critical  process  parameters  in  PP  buffering.  If  the  material 
selection  is  done  correctly  then  it  is  possible  to  reach  almost  the 
same  EFL  criteria  with  PP  than  with  PBT. 
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ABSTRACT 

This  paper  introduces  a  new  method  of  combining  the 
optical  fiber  draw  process  with  proof  testing.  A  random 
fiber  break  does  not  disturb  the  draw  process  in  on-line 
proof  testing  because  the  changeover  can  be  performed  at 
full  line  speed.  Firstly,  we  discuss  proof  testing  theory  and 
the  latest  research  results.  Secondly,  we  simulate  the  on-line 
proof  testing  process  using  dynamic  modeling.  Finally,  we 
describe  the  principles  and  functions  of  the  machine  as  well 
as  the  type  tests  and  their  results. 

INTRODUCTION 

Background  and  Research  Problem 

One  consequence  of  steady  growth  in  the  optical  fiber 
market  is  that  fiber  manufacturers  are  seeking  more  efficient 
processes.  Combining  the  draw  process  with  proof  testing 
provides  distinct  economic  advantages. 

We  claim  that  on-line  proof  testing  eliminates  one  process 
step  in  the  optical  fiber  production  chain,  as  proof  tested 
fiber  can  be  wound  onto  shipping  spools  at  preplanned 
lengths.  We  further  claim  that  on-line  proof  testing  saves 
expensive  floor  space,  since  an  on-line  proof  tester  is 
actually  a  combination  of  a  proof  testing  machine  and  a  dual 
take-up 

The  problem  we  set  out  to  solve  is  how  to  keep  the  tension 
of  the  fiber  within  specified  limits  in  all  situations  -  i.e., 
constant  speed,  planned  cut  and  random  fiber  break.  We 
also  addressed  methods  of  leading  the  free  fiber  end  through 
different  machine  elements  after  a  fiber  break. 

Aim  of  the  Study,  Boundaries  and  Methods 

The  aim  was  to  develop  a  model  to  describe  the  behavior  of 
the  fiber  in  a  dynamic  situation.  The  basic  idea  was  for  the 
model  to  incorporate  those  process  elements  that  are 
identical  to  all  fiber  processes. 

A  simulation  model  of  on-line  proof  testing  was  developed. 
Another  target  was  to  evaluate  experimentally  how  fiber  can 
be  conveyed  in  different  kinds  of  tubes  at  different  running 
modes.  The  development  of  the  on-line  proof-testing 
machine  is  based  on  the  results  of  this  study.  This  study 
focuses  on  the  area  downstream  from  the  coating  unit  of  the 
draw  tower. 


THEORETICAL  BACKGROUND 
Proof  Testing  Theory 

There  have  been  significant  developments  in  the  general 
understanding  of  fiber  reliability,  and  especially  the  role  of 
proof  testing,  over  the  last  two  decades.  New  models  have 
been  introduced  that  provide  a  better  understanding  of  the 
reliability  of  fiber  in  the  long  run.  The  long-term  physical 
data  [1]  seems  to  support  the  two-region  power  law  model 
best.  The  definition  and  requirements  for  proof  testing  have 
been  developed  to  respond  better  to  the  requirements  of 
these  new  models.  The  leading  standards  with  respect  to 
proof  testing  requirements  have  also  changed  during  the 
past  decade.  The  latest  theory  and  standards  highlight  the 
following  aspects: 

•  The  dwell  time  of  the  proof  testing  cycle  has  no  effect 
on  the  final  strength  of  proof  tested  fiber. 

•  There  is  always  a  decrease  in  strength  during  the  proof 
testing  cycle  in  a  non-ideal  environment.  This  is  a 
concern  because  the  fiber  might  not  break  even  though 
its  strength  decreases  below  the  proof  stress. 

•  The  operation  of  the  proof  tester  must  be  designed  to 
minimize  the  decrease  in  strength.  This  can  be  achieved 
by  arranging  a  high  unloading  rate  in  a  proof  test  cycle. 

•  Since  a  decrease  in  strength  does  in  fact  occur,  it  must 
be  monitored  and  reported.  The  proof  test  level  itself  is 
not  pertinent,  whereas  the  minimum  strength  after  the 
proof  testing  cycle  is  of  far  more  importance. 

As  long  as  the  decrease  in  strength  cannot  be  calculated  or 
approximated  with  any  degree  of  accuracy,  the  minimum 
strength  is  unknown. 

The  decrease  in  the  strength  of  optical  fiber  for  a  given 
stress  history  can  be  expressed  by  the  damage  equation  for 
sub-critical  crack  growth  in  brittle  materials  [2]. 

■sT-sT'-jH)-*  •  o) 

where 

G  =  stress  applied  to  fiber,  static  or  dynamic 
Si  =  initial  strength  at  the  beginning  of  the  test 
Sf  =  final  strength  for  the  stress  history 
t  =  0  when  the  test  begins 
B  and  n  are  crack  growth  parameters  for  the  fiber 

This  equation  can  be  applied  to  components  of  the  proof 
testing  cycle  by  integration  over  the  corresponding  times. 
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Failure  during  Loading.  Loading  is  similar  to 
dynamic  fatigue  testing.  The  stress  during  loading  is  given 
by  (j}t  and  the  upper  limit  of  the  integral  is  t—Ofl  <T/> 

where  (j,  is  the  loading  rate.  This  integration  gives  the 


equation  for  final  strength  of  Sf=  of.  [3]. 


H  +  l 

"  2  _  „»-2  _  (7/ 

°f  ^  B(n  + !)(*,' 


(2) 


It  can  been  seen  from  equation  (2)  that  the  decrease  in 
strength  during  unloading  can  be  limited  by  a  faster 
loading  rate.  When  the  loading  rate  increases,  the  upper 
limit  of  the  integral  decreases,  and  consequently  the  last 
term  of  equation  (2),  which  describes  the  decrease  in 
strength,  also  diminishes. 


Fig.  1.  Strength  decrease  during  proof  testing 


Failure  during  Dwell.  In  this  case,  the  fiber  passes  the 
loading  portion,  but  fails  at  the  proof  stress  S/  =  ap.  The 
upper  limit  of  integration  is  now  t~Of  /  (j/  +  U  when 

failure  occurs  at  moment  t*9  starting  when  dwell 
commences.  Integration  gives  the  following  equation.  [3]. 


oP 


~B 
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O  +  Ocr, 


+o]t. 


(3) 


Failure  during  Unloading.  Unloading  cannot  be  ignored 
in  proof  testing  since  it  is  an  opportunity  for  crack  growth. 
The  strength  at  failure  is  a  culmination  of  crack  growth 
during  loading,  dwell  and  unloading.  The  upper  limit  of  the 
integral  is  now  t=G  f  1 6i  + td  +  (o  P~  O*)1  Ou,  where  cr* 


is  the  failure  strength  during  unloading.  Integration  over 
time  t  gives  an  equation  describing  the  failure  strength 
during  unloading.  [3]. 
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Passing  the  Test.  The  flaws  that  pass  the  proof  test 
have  a  final  strength,  which  is  affected  by  all  three 
components  of  the  proof  test  cycle.  The  upper  limit  of 
integration  is  now  t=(j f  / + td  + O pt <7W  •  Integration 

over  the  entire  proof  test  cycle  gives  the  final  strength  of 
fibers  surviving  the  test.  [3]. 


Or 
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(A)  Fiber  break  during  loading 

(B)  Fiber  break  during  dwell 

(C)  Fiber  break  during  unloading 

(D)  Test  pass  despite  a  strength  decrease.  [2]. 

With  respect  to  loading,  failures  occur  in  stress  below  the 
proof  stress  (curve  A).  During  dwell  time,  those  flaws  with 
an  initial  strength  greater  than  proof  stress  grow  and 
subsequently  fail.  Note  that  flaws  do  not  grow  to  a  final 
strength  below  the  proof  stress  during  dwell  time  and  that 
the  minimum  final  strength  is  exactly  equal  to  the  proof 
stress.  The  dwell  time  has  no  effect  on  the  minimum 
strength  after  the  test.  The  minimum  strength  is  independent 
of  exactly  when  the  failure  occurred  in  dwell  time. 

The  dwell  time  does,  however,  cause  crack  growth. 
Therefore  a  higher  initial  strength  Sj  is  needed  to  survive  a 
longer  dwell  time  (curve  B).  Failures  during  unloading  are 
of  special  interest  because  the  strength  at  failure  is  at  that 
point  below  the  proof  stress.  The  strength  at  failure  is  a 
culmination  of  crack  growth  during  loading,  dwell  and 
unloading  (curve  C).  The  flaws  that  pass  the  proof  test  have 
a  final  strength  that  is  affected  by  all  three  components  of 
the  proof  test  cycle.  The  most  concerning  fact  is  that  these 
flaws  can  grow  during  unloading  to  below  the  proof  stress 
and  still  pass  the  test  (curve  D). 

Longer  dwell  time,  therefore,  does  not  produce  stronger 
fiber.  This  is  an  important  finding  for  the  on-line  proof 
testing  concept  introduced  later  [4].  It  is  also  interesting  to 
note  that  the  requirement  for  a  high  unloading  rate  can  be 
met  in  the  on-line  proof  tester  concept.  In  an  optimized 
proof  tester,  the  proof  test  level  and  the  minimum  strength 
after  the  test  do  not  differ  significantly. 


The  dotted  line  in  figure  1  describes  the  strength  of  the 
fiber  during  a  proof  testing  cycle.  The  continuous  line 
describes  the  proof  stress  during  the  cycle.  Failure  occurs 
when  the  two  lines  cross  each  other  (marked  with  dots). 


Proof  Testing  Standards 

TIA/EIA  FOTP-31-C  is  probably  the  most  accurate  of  all 
the  standards  on  the  effect  of  a  decrease  in  strength  during 
the  proof  testing  cycle.  This  U.S.  standard  provides 
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formulas  for  calculating  the  necessary  proof  stress  (c^) 
when  the  permitted  minimum  final  strength  (Smin)  and  the 
fiber  fatigue  parameters  are  known.  The  unload  time  of 
the  proof  testing  cycle  is  designated  tu.  The  determination 
of  Op  is  an  iterative  process  using  equation  (7)  when 
equation  (6)  is  true. 


SL=<r 
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(6) 


(7) 


When  equation  (8)  is  true,  ap  is  determined  by  equation 

(9). 
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When  equations  (6)  and  (8)  are  both  valid,  equations  (7) 
and  (9)  will  both  give  the  same  result. 

The  target  has  been  defined  as  the  minimum  final  strength 
after  the  proof  test,  instead  of  the  proof  stress  level.  This 
illustrates  the  widely  accepted  modem  understanding  of 
fiber  reliability.  [5]. 

The  European  IEC  standardization  committee  has  taken  a 
different  approach.  It  has  not  provided  detailed  formulas  for 
calculating  the  minimum  final  strength.  This  may  be 
because  the  determination  of  crack  growth  parameter  B  is 
still  under  discussion.  Detailed  mathematical  analyses  can 
be  found  in  the  technical  reports  of  the  IEC  standardization 
committee  [6].  These  mathematical  analyses  produce  the 
same  result  as  that  presented  in  the  FOTP-31-C  standard. 
The  approach  of  the  IEC  standardization  committee  also 
acknowledges  the  influence  of  the  unload  rate  in  proof 
testing  by  stating  that  the  load  time  and  the  unload  time  in 
the  proof  testing  cycle  should  be  as  short  as  possible.  [7]. 


these  elements,  therefore,  makes  it  possible  to  model  the 
behavior  of  fiber  tension  in  a  complete  process.  [8]. 

In  this  case  we  modeled  only  the  end  part  of  the  combined 
fiber  draw  and  proof  testing  process.  A  computer 
simulation  based  on  the  modeling  work  was  then  generated. 
The  input  parameters  for  the  simulation  include  line  speed, 
reel  dimensions,  and  the  eccentricity  of  rotating  parts.  The 
outputs  of  the  simulation  are  graphical  and  numerical 
presentations  of  fiber  tension  (see  figure  2). 

We  focused  on  tension  behavior  and  simulation  downstream 
from  the  draw  tower  coater  but  upstream  from  the  auxiliary 
capstan.  This  eliminated  the  draw  coater  and  all  parts 
upstream  as  well  as  the  fiber  cutter  and  the  suction  fan 
downstream  from  the  auxiliary  capstan. 

The  first  step  was  to  model  the  fiber  tension  in  a  normal  run 
and  in  ramps.  The  elements  that  affect  tension  during  a 
normal  run  and  ramps  are  the  capstans,  dancer,  idle  wheels 
and  take-ups.  The  mathematical  formulas  are  as  follows  [9]: 


■  WmmF) 


Fig.  2.  On-line  proof  testing  in  principle 


In  line  with  the  FOTP-31-C  standard,  the  IEC  standard  also 
acknowledges  the  fact  that  the  fiber  coating  can  share  a  part 
of  the  load  experienced  during  the  proof  test  cycle. 

Both  leading  U.S.  and  European  standards  agree  on  the 
basics  of  proof  testing.  A  high  unload  rate  should  be 
arranged  in  order  to  minimize  the  difference  between  the 
proof  stress  and  the  final  minimum  strength.  Diverging  from 
past  practice,  no  requirements  are  now  set  for  the  dwell  time 
in  the  proof  testing  cycle  since  a  longer  dwell  time  does  not 
produce  any  increase  in  the  strength  of  the  fiber. 


Idle  Wheel.  The  phenomena  that  affect  the  rotational 
movement  of  the  idle  wheel  and  the  tensile  load  of  the 
fiber  are  included  in  equation  (10)  in  the  following  order: 
idle  wheel  inertia,  bearing  friction,  out-coming  fiber 
tension,  in-going  fiber  tension,  air  resistance  and  idle 
wheel  geometry.  The  torque  equilibrium  of  the  idle  wheel 
is  given  as 

- Ja-Kbco  +  (F0 -F)r- Kaw2  +^/xc2  +y>g(c«  +  0o)=  0 ' 


Dynamic  Modeling 

The  purpose  of  the  dynamic  modeling  was  to  describe  the 
tension  behavior  of  the  fiber  after  the  fiber  is  drawn.  The 
modeling  is  based  on  the  fact  that  several  process  elements 
are  similar  throughout  all  finishing  processes.  Combining 


Dancer.  The  dancer  modeled  here  is  a  pivot-type 
dancer.  A  pivot  joint  and  dancer  wheel  is  modeled 
separately.  The  phenomena  that  affect  the  dancer  wheels 
and  must  therefore  be  evaluated  are  included  in  equation 
(10). 
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Equation  (11)  shows  the  pivot  joint  model.  The  model 
incorporates  the  moment  of  inertia  of  the  polar  mass  of  the 
idle  wheel,  pivot  joint  friction,  external  force,  out-coming 
fiber  tension  and  in-going  fiber  tension.  It  was  assumed 
that  there  is  little  displacement  of  the  dancer  wheel  and 
that  the  change  in  the  wrap  angle  of  the  fiber  around  the 
dancer  is  negligible. 

Jtap  +  Kp(0p-FJe  +  FJo+F{l=  0.  (11) 

Capstan.  The  modeling  of  the  capstan  is  based  on  the 
phenomena  that  affect  the  rotational  movement  of  the 
capstan,  and  thus  also  the  tensile  load  of  the  fiber  going 
through  it.  These  are  included  in  equation  (12)  in  the 
following  order:  motor  torque,  capstan  wheel  inertia, 
bearing  friction,  belt  pulley  bearing  friction,  out-coming 
fiber  tension,  in-going  fiber  tension,  and  capstan  wheel 
geometry.  The  torque  equilibrium  of  the  capstan  is  given  as 

M~Ja-(Kh  +Kb)m+(F0 -FlY+^jxl  +y2cmgs\r(oJt+(l)Q)  =  0-  02) 

Take-up.  The  tension  is  affected  by  a  take-up  rotating 
according  to  equation  (13),  which  includes  the  terms  for 
motor  torque,  reel  inertia,  bearing  friction,  winding 
tension,  air  resistance  and  reel  geometry.  The  torque 
equilibrium  of  the  take-up  is  given  as 

M-Ja-¥^b(Q-Fxr-KjQ2  +V*c  +  yl  mg  sin(&r  -f  0O )  =  0  ■  (13) 

The  on-line  proof  testing  process  was  modeled  by  using 
these  elements.  The  simulation  included  disturbances 
traveling  in  both  directions  -  i.e.,  from  the  coater  to  the  take- 
up  and  from  the  take-up  to  the  coater.  The  reflection  from 
the  coater  and  from  the  take-up  was  ignored.  The  speeds  of 
the  rotating  parts  formed  an  essential  part  of  the  simulation. 
The  speed  differences  between  rotating  parts  create 
elongation,  which  can  be  seen  as  tension. 

It  was  assumed  that  the  angular  speed  of  the  motor-driven 
shafts  remains  constant  regardless  of  fiber  tension.  The 
eccentricity  of  the  rotating  parts  than  creates  a  variation  in 
tension  because  the  circumferential  speed  varies. 

The  circumferential  speed  of  the  idle  wheels  varies  with  the 
tension  because  the  tension  is  comparable  to  the  speed 
difference  between  the  wheels.  In  this  case,  the  fiber  is  the 
driving  force.  The  program  interface  is  shown  in  figure  3. 

FUNCTIONAL  DESCRIPTION 

The  proof  testing  is  performed  by  addressing  the  speed 
difference  between  two  servo-driven  capstans;  the  entry  and 
exit  capstans.  The  entry  capstan  includes  a  load  cell  for 
proof  tension  measurement.  Between  these  capstans  the 
fiber  runs  through  a  tube  that  guides  the  fiber  during 
threading  and  after  a  fiber  break.  A  cutting  blade  is  installed 
at  the  entrance  of  the  guide  tube  for  use  in  planned  fiber 
cutting  (see  figure  2). 


Fig.  3.  Simulation  program 


The  dancer  unit  consists  of  a  dancer  arm,  a  splittable  tube 
and  wheels  for  both  take-up  modules.  During  a  normal  run, 
the  dancer  arm  is  on  the  same  side  as  the  spooling  take-up. 
When  a  random  fiber  break  occurs  and  during  planned 
cutting,  a  new  incoming  fiber  runs  through  the  tube  to  the 
auxiliary  capstan.  After  tightening  the  fiber,  the  tube  opens 
and  the  dancer-arm  moves  the  fiber  to  the  guide  wheel  of 
the  other  take-up. 

At  the  same  time  the  changeover  mechanism  moves  the 
fiber  in  between  the  gripping  flange  of  the  take-up.  A  new 
reel  is  accelerated  to  process  speed  and  the  gripping  flange 
is  closed,  simultaneously  cutting  the  fiber  with  an  integrated 
cutting  blade.  Spooling  onto  a  new  reel  commences  and  the 
tube  is  closed  to  wait  for  the  next  fiber  break.  During  the 
changeover  the  fiber  runs  from  the  auxiliary  capstan  to  the 
fiber-cutting  unit,  and  from  there  into  the  suction  fan. 


Fig.  4  Test  rig  for  proof  tension  test 

TESTS  AND  RESULTS 
Proof  Tension  Variation 

This  test  was  performed  to  confirm  that  it  is  possible  to 
measure  the  force  on  the  capstan  caused  by  the  fiber.  This 
signal  is  then  used  as  feedback  for  controlling  proof  tension. 
The  test  rig  is  shown  in  figure  4.  Load  cell  1  measured  the 
force  on  the  capstan,  which  was  installed  on  linear  bearings. 
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The  fiber  tension  was  simultaneously  measured  by  load  cell 
2,  which  was  mounted  inside  a  wheel.  The  purpose  was  to 
demonstrate  that  the  actual  fiber  tension  was  still  within  the 
specifications  stipulated  in  the  standards  even  though  the 
capstan  was  installed  on  linear  bearings.  The  results  of  this 
test  are  shown  in  table  1  and  in  figure  5. 


Table  1.  Prool 

tension  variation 

Line 

Proof 

Tension 

Tension 

speed 

tension 

variation 

variation 

(m/min) 

(N) 

(±N) 

<±%) 

1000 

5 

0,22 

4,4 

1000 

8 

0,25 

3,1 

1000 

10 

0,33 

3,3 

1500 

5 

0,25 

4,9 

1500 

8 

0,19 

2,4 

1500 

10 

0,30 

3,0 

The  results  show  that  this  new  method  for  measuring 
tension  does  not  cause  additional  variation  in  fiber 
tension.  However,  there  is  greater  variation  in  the  signal 
(load  cell  1),  but  this  is  only  a  measurement  error  caused 
by  vibration  of  the  capstan  unit.  Since  the  error  is  not 
detectable  in  the  tension  of  the  fiber,  the  signal  can  be 
suitably  filtered  for  the  needs  of  the  control  system. 

Fiber  Conveying  Tests 

The  test  plan  is  shown  in  table  2  and  the  test  rig  in  figure 
6.  The  first  stage  of  testing  consisted  of  threading  tests 
through  a  tube. 


Table  2.  Fiber  conveying  test  matrix 


Tube 

material 

Tube 

diameter 

Running 

mode 

Air  flow 

Material  A 

10  mm 

Threading 

None 

Material  B 

30  mm 

Fiber  break 

Low 

Material  C 

50  mm 

Planned  cut 

High 

Fig.  6.  Test  rig  for  fiber  conveying  test 


All  the  parameters  for  threading  the  fiber  through  the 
capstans  and  the  tube  were  found  as  a  result  of  this  testing. 
Fiber  conveyance  inside  the  tubes  at  1600  m/min  was  also 
successfully  tested.  The  next  step  is  to  test  higher  speeds 
while  simultaneously  cutting  the  fiber. 

Change-over  Mechanism 

The  reliability  of  the  changeover  mechanism  and  the 
whipping  protection  were  also  tested.  The  same  principle  is 
used  with  a  new  dual  take-up  (see  figure  7).  The  test  rig 
differs  from  the  final  solution,  but  the  results  are  fully 
comparable. 


Fig.  7.  Change-over  and  whipping  protection 

Proper  operation  of  the  changeover  mechanism  and 
whipping  protection  was  confirmed  in  trials  at  1600  - 
2100  m/min. 

SUMMARY  AND  DISCUSSION 

A  new  method  for  combining  the  process  for  drawing 
optical  fiber  with  proof  testing  was  introduced.  We  claimed 
that  on-line  proof  testing  removes  one  process  step  in  the 
optical  fiber  production  chain.  We  further  claimed  that  on¬ 
line  proof  testing  saves  expensive  floor  space. 

The  most  important  findings  in  proof  testing  theory  were 
that  the  dwell  time  in  the  proof  testing  cycle  has  no  effect  on 
the  final  strength  of  proof  tested  fiber.  The  operation  of  the 
proof  tester  must  be  designed  to  minimize  the  decrease  in 
strength.  This  can  be  achieved  by  arranging  a  high 
unloading  rate  in  the  proof  test  cycle.  Both  leading  U.S.  and 
European  standards  agree  on  these  basics  of  proof  testing. 
Thus  a  longer  dwell  time  does  not  produce  stronger  fiber. 
This  is  an  important  finding  for  the  on-line  proof  testing 
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concept.  In  an  optimized  proof  tester,  the  proof  test  level 
and  the  minimum  post-test  strength  do  not  differ 
significantly. 

A  simulation  model  of  on-line  proof  testing  was  developed. 
An  on-line  proof  testing  process  was  modeled  by  using 
process  elements.  The  simulation  included  disturbances 
traveling  in  both  directions  -  i.e.,  from  the  coater  to  the  take- 
up  and  from  the  take-up  to  the  coater.  The  speeds  of  the 
rotating  parts  formed  an  essential  part  of  the  simulation. 

A  tension  variation  test  was  conducted  to  confirm  that  it  is 
possible  to  measure  the  force  on  the  capstan  caused  by  the 
fiber.  The  results  showed  that  this  new  method  for 
measuring  tension  does  not  cause  additional  variation  in 
fiber  tension. 

The  parameters  for  threading  the  fiber  through  the  capstans 
and  tube  were  found  as  a  result  of  the  fiber  conveying  tests. 
Fiber  conveyance  inside  the  tubes  at  1600  m/min  was  also 
successfully  tested.  Proper  operation  of  the  changeover 
mechanism  and  whipping  protection  was  confirmed  in  trials 
at  1600  -  2100  m/min. 

Development  of  the  on-line  proof-testing  machine  is  based 
on  the  results  of  this  study.  The  on-line  proof  tester  is  an 
independent  unit,  which  can  be  installed  in  different  draw 
towers. 
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ABSTRACT 

A  numerical  simulation  of  heat  and  mass  transport  in  the 
modified  chemical  vapor  deposition  (MCVD)  process 
with  application  to  manufacture  of  high  quality  optical 
fibers  is  performed.  Quasi-steady  and  transient 
simulations  are  carried  out  for  the  multiple-species  and 
conjugate  heat  transfer  problem  and  the  results  are 
compared  with  experimental  data.  The  computed  tem¬ 
perature  and  thermophoretic  particle  deposition  profiles 
are  compared  with  experimental  results  and  show 
excellent  agreement.  The  effect  of  the  inlet  gas  flow  rate 
on  the  deposition  efficiency  of  silica  particles  is  also 
studied. 


INTRODUCTION 

The  modified  chemical  vapor  deposition  process  is 
currently  used  to  manufacture  glass  preforms  for  high 
quality  optical  fiber  fabrication.  In  this  process,  a  silica 
tube  is  rotated  on  a  lathe  and  is  heated  by  a  slowly 
traversing  oxy-hydrogen  torch.  A  mixture  of  gases,  such 
as  SiCl4  and  02,  flow  into  the  rotating  tube  and  are  heated 
to  high  temperatures.  Kim,  et  al.1  carried  out  a  study  of 
the  chemical  kinetics  of  SiCl4  oxidation.  This  process 
creates  very  fine  particles  of  silicon  oxide.  These  particles 
move  with  the  gases  to  the  relatively  cold  zone 
downstream  of  the  torch  and  deposit  on  the  inner  wall  of 
the  tube  due  to  thermophoresis.  Thermophoresis  is  a  phe¬ 
nomenon  by  which  suspended  particles  experience  a  force 
in  the  direction  of  decreasing  temperature2.  These 
deposited  particles  consolidate  into  a  thin  glassy  layer  by 
sintering  as  the  torch  traverses  along  the  tube.  After  10-40 
layers  are  deposited,  the  tube  is  collapsed  into  a  solid 
preform  rod  and  is  then  drawn  into  a  long  thin  fiber.  Cho, 
et  al.3  carried  out  an  experimental  study  of  the  MVCD 
process  in  a  fused-silica  tube.  They  used  a  tube  rotational 
speed  of  60  rpm.  It  was  analytically  shown  that  tube 
rotation  speeds  larger  than  30  rpm  result  in  almost 
uniform  wall  temperatures  in  the  circumferential 
direction.  So,  the  circumferential  variations  are  negligible. 

In  the  MCVD  process,  it  is  important  to  study  the  effects 
of  various  process  parameters  on  the  particle  deposition 
rate  and  efficiency  to  reduce  the  production  cost.  The 


deposition  is  determined  by  thermophoresis,  which 
depends  on  the  temperature  field,  which  in  turn  requires 
the  knowledge  of  the  velocity  field  in  the  tube.  In  most  of 
the  previous  studies,  the  tube  wall  temperatures  were 
specified  a  priori.  It  should  be  noted  that  different 
operating  conditions  result  in  different  tube  wall 
temperatures,  which  reduces  the  flexibility  of  these 
previous  models  for  studying  the  effect  of  various 
parameters  on  the  MCVD  process.  To  alleviate  this 
drawback,  the  tube  wall  temperatures  are  computed  as 
part  of  the  model  in  the  present  study. 

In  this  work,  the  commercial  computational  fluid 
dynamics  (CFD)  package,  FLUENT,  based  on  the  finite 
volume  method,  is  used  to  solve  the  conservation 
equations  of  mass,  momentum,  energy  and  species 
concentrations.  The  effects  of  chemical  reactions  and 
temperature-dependent  fluid  properties  are  included.  The 
localized  heating  of  the  moving  torch  is  modeled  using  a 
heat  flux  boundary  condition  varying  with  space  and 
time.4’5 


MATHEMATICAL  MODEL 

A  configuration  similar  to  the  one  used  in  the 
experimental  setup  of  Cho  and  Choi3  is  used  in  the 
present  analysis  (see  Fig.  1).  As  the  circumferential 
variations  are  negligible,  an  axi-symmetric  case  is 
studied.  The  oxy-hydrogen  torch  moves  along  the  length 
of  the  tube. 


Fig.  1  Schematic  diagram  of  MCVD  process 
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A  gas  stream  consisting  of  60%  silixon  tetarchloride  and 
40%  oxygen  is  introduced  from  one  end  of  the  tube.  The 
gases  are  heated  to  the  reaction  temperature  near  the  torch 
where  the  silica  particles  are  formed.  The  following 
chemical  reaction  takes  place  in  the  tube: 


For  the  conditions  encountered  in  the  present  MCVD 
process,  the  flow  is  laminar.  A  parabolic  velocity  profile 
is  given  at  the  inlet  and  the  walls  are  treated  as  no-slip 
boundaries.  The  heat  flux  due  to  the  moving  torch  is 
expressed  as:5 


SiCl4(g)  +  02(g)  •>  Si02(s)  +  Cl2(g) 

The  silica  particles  are  then  directed  to  the  cold  zone 
downstream  of  the  torch  by  the  thermophoretic  force  and 
are  deposited  on  the  inside  the  tube  wall.  The  particle 
velocity  due  to  thermophoresis  is  given  by: 

VT 

VtU  =  K„v -  (1) 


The  conservation  equations  of  mass,  momentum,  and 
energy  are: 


|  dPu>  _  0 
3 1  3x. 

3  u.  3  u  dp  dr.. 

p__^_+  pu  — —  = £-  + L 

at  dxj  3xi  3x;. 

_  dr  _  dr  a  f,  dr) 

pCD—  +  pC.Ui- —  =  — —  k— —  +r  A// 
3 1  3x.  3x;  3x( 


The  species  mass  fractions  are  tracked  by  separate 
conservation  equations.  The  thermophoretic  motion  of  the 
silica  particles  is  modeled  using  a  sink  term  in  the  silica 
conservation  equation.  This  sink  term  is  calculated  using 
the  silica  particle  velocity  given  by  Eqn.  (1).  The  species 
conservation  equations  are: 


3x.  3x. 


d4=_d_|  D  |_A(p7  Vlh)+r  [-^s 
ax;  ax.  ax.  ax. 


where  rsc  is  the  first-order  reaction  rate.  The  subscripts  sc, 
so  and  cl  refer  to  the  silicon  chloride,  oxide  and  chlorine, 
respectively.  The  reaction  rate  is  computed  as: 

rsc  =  p  Ysc  ko  exp(-Ea/RT)  (8) 

The  mass  fraction  of  oxygen  is  calculated  from  the 
following  expression: 

Y0=1-(YSC+YS0+YC1)  (9) 


4  9inax®NP(”^  (X“Xt0rch)  )  (13) 

where  xt0rch  is  the  torch  location  at  a  particular  time.  So, 
the  heat  flux  decreases  exponentially  both  upstream  and 
downstream  of  the  torch.  The  radiative  dissipation  from 
the  tube  walls  is  simulated  using  the  band- 
approximation.5,6 

A  quasi-steady  analysis,  as  suggested  by  Choi,  et  al.4,  is 
carried  out.  Here,  the  simulation  is  carried  out  in  the 
reference  frame  attached  to  the  torch.  The  repeated 
sweeps  of  the  torch  are  taken  into  account  by  the  two- 
torch  model. 

The  properties  of  the  fluid  are  mass-weighted  averages  of 
the  properties  of  the  individual  gases  and  are  temperature- 
dependent.7,8  The  properties  of  the  quartz  tube  are  also 
temperature-dependent.  The  radiation  in  the  solid  is 
modeled  using  an  effective  thermal  conductivity  for  the 
quartz: 

k  -  k  16m  oT 

The  deposition  efficiency  of  the  silica  particles  is  defined 
as  the  mass  fraction  of  the  silicon  chloride  entering  the 
tube  that  is  deposited  as  silica  particles.  Mathematically, 
this  is: 


£(x)  =  l- 


R  R 

|  (PuYsc  )rdr  +  J  puYso  rdr  - 

_0 _ 0 _ _ 

R 

J  (PuYscrdr) 


SOLUTION  PROCEDURE 

The  model  as  described  in  the  previous  section  was 
solved  using  the  latest  version  of  the  general  purpose 
commercial  computational  fluid  dynamics  program 
FLUENT  5.  A  detailed  description  of  the  numerical 
method  and  several  validation  studies  of  this  software  are 
given  by  Mathur  and  Murthy.9 

A  computational  mesh  encompassing  the  silica  tube  wall 
and  gas  space  inside  was  created  -  the  governing 
equations  described  earlier  are  solved  in  each  of  the 
resulting  control  volumes  or  cells.  The  typical  mesh 
consisted  of  800  by  13  cells.  Calculation  time  on  a 
typical  engineering  workstation  computer  was  around 
three  hours  for  the  quasi-steady  case. 
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RESULTS  AND  DISCUSSION 

The  silica  species  mass  fraction  and  fluid  velocity  plots 
from  a  quasi-steady  simulation  in  the  region  near  the 
torch  are  shown  in  Fig.  2.  The  high  temperature  near  the 
torch  initiates  the  reaction  and  silica  particles  are  formed. 
The  parabolic  velocity  profile  before  the  torch  is  disturbed 
near  the  torch  region  because  of  the  large  change  in  gas 
density  that  occurs  due  to  heating.  More  of  the  flow  is 
displaced  towards  the  centerline  resulting  in  a  higher 
velocity  there. 

The  temperature  profiles  on  the  outer  wall  of  the  tube 
predicted  by  the  quasi-steady  simulation  are  shown  in  the 
Fig.  3.  The  maximum  calculated  temperature  is  2052  K. 
The  experimental  results  of  Cho  and  Choi3  are  also  shown 
for  comparison.  The  computed  temperature  field 
compares  well  with  the  experimental  measurements  both 
for  the  regions  close  to,  and  farther  away  from,  the  torch. 


Fig.  2  Silica  mass  fraction  contours  (top)  and 
velocity  vectors  (bottom)  near  the  torch.  The 
mass  fraction  range  is  (0,  0.21)  and  velocity 
range  is  (0.017, 1.55  m/s). 


Posrtlon  (m) 

Fig.  3  Comparison  of  calculated  wall  tempera¬ 
tures  with  the  experimental  data  (Vtorch  =  20 
cm/min,  inlet  gas  velocity  =  0.187  m/s) 

The  temperature  profiles  from  the  unsteady  simulation  at 
a  few  instances  in  time  are  shown  in  Fig.  4.  The 
temperature  profiles  from  the  unsteady  simulation  are 
very  similar  to  the  one  from  the  quasi-steady  case.  So,  for 
many  practical  applications,  the  quasi-steady  simulation  is 


sufficient  to  obtain  insight  into  the  flow,  temperature  and 
species  fields.  The  temperature  drops  to  a  minimum  value 
ahead  of  the  torch  before  rising  again  due  to  the  effect  of 
the  previous  sweep  of  the  torch.  The  formation  of  the 
relatively  cold  region  ahead  of  the  torch  is  a  favorable 
condition  for  the  MCVD  process.  Thermophoresis  forces 
the  newly  formed  silica  particles  from  the  reaction  zone  to 
this  relatively  cold  zone  where  they  are  deposited.  The 
deposited  particles  consolidate  into  a  thin  glassy  layer  by 
the  sintering  process  as  the  torch  traverses.  Most  of  the 
deposition  occurs  in  the  cold  region. 


Fig.  4  Temperature  profiles  at  several  times  from 
the  unsteady  simulation.  The  torch  traverses 
one  sweep  in  225  s 


Fig.  5  Comparison  of  wall  temperatures  when  the 
torch  is  near  the  inlet 

The  only  difference  between  the  quasi-steady  and 
unsteady  cases  is  noticed  when  the  torch  is  near  the  inlet. 
Fig.  5  compares  the  temperature  profiles  from  the 
unsteady  case  when  the  torch  is  near  the  inlet  (time  =  50 
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s)  with  those  obtained  in  the  quasi-steady  case.  The  quasi¬ 
steady  case  predicts  higher  temperatures  when  the  torch  is 
near  the  inlet.  Near  the  inlet,  the  gases  do  not  heat  up 
before  entering  the  reaction  zone  in  the  unsteady  analysis, 
compared  to  the  times  when  the  torch  is  away  from  the 
inlet  (in  that  case,  the  gases  travel  through  the  hot  regions 
before  entering  the  reaction  zone.  This  is  implicitly  as¬ 
sumed  in  the  quasi-steady  case).  The  unsteady  simulation 
takes  the  entrance  effects  into  account  and  predicts  the 
temperatures  more  accurately. 

Fig.  6  shows  the  deposition  efficiency  of  the  silica 
particles  as  a  function  of  axial  distance  from  the  torch. 
Again,  the  agreement  between  the  model  result  and 
experimental  data  is  very  good.  Most  of  the  particle 
deposition  occurs  within  a  distance  of  0.3  m  downstream 
of  the  torch. 


Fig.  6  Comparison  of  the  calculated  deposition 
efficiency  with  the  experimental  values.  The 
experimental  efficiency  is  55.8%  while  the 
calculated  value  is  51% 


Fig.  7  Variation  of  silica  particle  deposition 
efficiency  with  the  flow  rate  of  inlet  gases 


The  variation  of  the  deposition  efficiency  with  the  flow 
rate  of  the  inlet  gases  is  depicted  in  Fig.  7.  The  deposition 
efficiency  decreases  as  the  inlet  velocity  is  increased.  The 
decrease  in  efficiency  is  due  to  two  factors: 

•  The  silica  particles  formed  in  the  reaction  zone  are 
carried  away  axially  with  higher  velocity  when  the 
flow  rate  is  increased.  So,  the  convective  transport 
dominates  over  thermophoretic  transport.  This  is 
unfavorable  for  deposition. 

•  As  the  flow  rate  is  increased,  the  residence  time  of 
the  gases  in  the  tube  decreases.  This  results  in  less 
reaction  and  hence  lower  amounts  of  silica  being 
formed. 


CONCLUSIONS 

In  this  paper,  a  model  is  developed  for  the  computer 
simulation  of  the  MCVD  process.  The  governing 
equations  for  fluid  flow,  heat  and  mass  transfer  are  solved 
using  a  commercial  CFD  program  and  the  results  are 
validated  against  published  experimental  data.  Because 
the  silica  tube  wall  temperatures  are  computed  based  on 
the  torch  heat  input,  the  present  model  has  a  distinct 
advantage  over  previous  studies  where  the  wall 
temperatures  were  specified  a  priori.  The  model  has  been 
implemented  in  a  very  general  form  that  allows  process 
parameters  to  be  easily  modified.  Thus  the  model  can  be 
used  to  quickly  determine  the  effect  of  process  changes 
(such  as  inlet  flow  rate,  torch  speed,  inlet  concentrations, 
torch  heating  profile  and  repeated  sweeps  of  the  torch)  on 
the  temperature  field  and  particle  deposition  efficiency. 

NOMENCLATURE 

Cp  =  specific  heat  at  constant  of  the  gas 

D  =  diffusion  coefficients  of  the  individual  species  in  the 

mixture 

E  =  deposition  efficiency 

Ea  =  activation  energy 

AH  =  reaction  enthalpy 

Kth  -  thermophoretic  coefficient 

k  =  thermal  conductivity 

Mj  =  molecular  weight  of  species  i 

n  =refractive  index  of  quartz 

p  =  pressure 

qmax  =  maximum  heat  flux  of  the  torch 
R  =  Universal  gas  constant 
r  =  reaction  rate 
t  =  time 

T  =  temperature 

u  =  axial  velocity 

v  =  radial  velocity 

Vth  =  thermophoretic  velocity 

x  =  axial  coordinate 

y  =  radial  coordinate 
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Yr  =  mass-fraction  of  the  species  i 

°c  =  Rosseland  mean  absorption  coefficient 

X  =  coefficient  of  heat  flux  distribution 

x  =  stress  tensor 

v  =  kinematic  viscosity 

a  =  Stefan-Boltzmann  constant 

The  subscripts  sc,  so,  o  and  cl  refer  to  the  corresponding 
values  for  SiCl4,  Si02,  02  and  Cl2,  respectively. 
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Abstract 

A  direct  measurement  method  of  primary  coating  modulus  on  an 
optical  fiber  was  developed.  The  glass  of  the  coated  fiber  was 
pulled  at  constant  speed  and  the  resultant  stress  was  measured.  For 
accurate  measurement,  a  new  equipment  was  designed  and 
manufactured.  The  share  stress  was  converted  to  Young’s  modulus 
to  evaluate  the  cure  degree  of  the  coating.  It  was  confirmed  that 
the  measurements  were  carried  out  in  elastic  region.  The  specimen 
showed  no  hysteresis.  Relaxation  during  the  measurement  was 
confirmed  to  be  negligible.  By  using  this  new  equipment,  some 
sample  fibers  were  evaluated.  It  revealed  that  the  primary  coating 
has  an  optimum  curing  condition  to  achieve  the  highest  cure  degree. 
Comparing  to  other  methods  to  evaluate  cure  degree  of  the  primary 
coating,  such  as  gel  fraction  or  IR  technique,  the  pull-out-modulus 
provides  more  direct  information  relating  to  performance  as  an 
optical  fiber. 

Keywords 

Optical  fiber;  primary  coating;  UV  cure;  pull-out-modulus;  in-situ; 
Young’s  modulus. 

1.  Introduction 

UV  curable  polyurethane  acrylates  have  been  used  as  protective 
coatings  of  the  optical  fiber.  Recent  high  demand  for  optical  fiber 
is  driving  the  drawing  speed  faster.  UV  curable  coatings  need  to 
be  cured  constantly  at  elevated  drawing  speed.  To  secure 
satisfactory  cure  of  the  coating,  several  methods  to  evaluate  the  cure 
degree  of  the  coatings  have  been  employed.  Gel  fraction  of  the 
coating  layer  is  one  method.  However,  because  the  separation  of 
primary  and  secondary  layers  is  difficult,  the  gel  fraction  represents 
combined  cure  degree  of  the  two  layers.  Microscopic  attenuated 
total  reflection  infra  red  (ATR-IR)  spectroscopy  provides  direct 
measurement  of  IR  spectra  of  primary  and  secondary  layers.  Since 
the  IR  spectra  indicate  the  consumption  of  acrylic  double  bond,  it  is 
not  a  direct  indication  of  physical  properties  of  each  layer  as  a 
protective  coating.  Modulus  of  the  secondary  coating  can  be 
measured  by  preparing  “macaroni”  sample  or  scraping  off  the 
coating  layer  without  removing  primary  layer  [1].  Because  the 
modulus  of  the  primary  layer  is  smaller  in  two  orders  of  magnitude 
than  the  secondary  layer,  the  contribution  of  the  primary  layer  can  be 
neglected.  Several  direct  measurement  methods  for  primary 
coating  modulus  have  been  suggested.  The  first  report  by  C.  R. 
Taylor  appeared  in  1985  [2].  It  described  a  measuring  method  by 
pulling  out  the  glass  from  a  cramped  coated  fiber.  Thus  it  is  called 
“pull-out-modulus  test”.  Following  the  Taylor  report,  we 


developed  a  new  method  to  measure  viscoelastic  properties  of 
coating  on  optical  glass  fiber  using  torsion  pendulum  method  [3]. 
This  method  also  enables  us  to  measure  properties  of  coatings  on 
fiber  directly.  However,  the  obtained  data  were  a  combination  of 
primary  and  secondary  coatings.  In  1994,  K.  Oishi  reported 
“push-in-modulus  test”  saying  that  it  is  easier  to  prepare  test  samples 
than  “pull-out-modulus  test”  [4].  K.  Mitsuhashi  filed  a  patent 
claiming  an  accurate  method  for  measuring  “pull-out-modulus”  by 
using  a  certain  equipment  [5].  Unfortunately,  regarding 
pull-out-modulus  measurement  method,  non  of  these  reports 
described  details  of  the  measuring  equipment  nor  accuracy  of  the 
data.  In  this  paper,  we  describe  a  design  of  newly  developed 
“pull-out-modulus”  tensile  machine  and  some  results  obtained  by 
using  this  machine. 

2.  Experiments 

2.1  Preparation  of  “Pull-Out-Modulus” 
Tensile  Machine 

Design  and  fabrication  of  “pull-out-modulus”  tensile  machine  will  be 
discussed  in  the  results  and  discussion  section. 

2.2  Preparation  of  Coated  Optical 
Fiber 

Doubly  coated  optical  fiber  was  prepared  using  conventional 
primary  and  secondary  coating  and  a  drawing  tower. 
Representative  characteristics  of  the  coatings  are  summarized  in 
Table  1. 

The  glass  diameter  was  125  jam.  The  thicknesses  of  the  primary 
and  secondary  layers  were  35  and  25  (im  respectively.  The 
diameter  of  the  resultant  coated  fiber  was  about  250  (im.  The 
drawing  speed  was  changed  from  100  m/min  to  500  m/min  in  a  100 
m/min  step.  The  application  and  curing  of  the  coatings  were  done 
by  tandem  manner.  One  6  kW  UV  lamp  for  each  coating  was  used. 
The  input  power  of  the  UV  lamp  for  primary  coating  was  varied  to 
35  %  or  100  %  input.  The  input  power  of  the  lamp  for  the 
secondary  coating  was  kept  35  %  throughout  the  experiments. 

2.2  Evaluation  of  Coated  Fiber 

Young’s  modulus  of  the  primary  layer  on  the  fiber  was  measured  by 
using  “pull-out-modulus”  tensile  machine  described  in  the  following 
section. 

Gel  fraction  of  the  coated  fiber  was  measured  by  using  methyl  ethyl 
ketone  (MEK)  as  solvent.  The  coated  fiber  was  extracted  with 
boiling  MEK  using  Soxhlet  apparatus  for  12  hours.  The  resultant 


International  Wire  &  Cable  Symposium 


460 


Proceedings  of  the  49th 


fiber  was  dried  under  vacuum  and  then  conditioned.  Weight 
change  after  the  extraction  was  recorded.  The  fiber  was  burned  in 
a  furnace  to  remove  the  coating  layer.  The  weight  of  the  remaining 
glass  was  measured  to  calculate  the  gel  fraction  of  the  coating  layer. 
Gel  fraction  of  primary  layer  on  the  fiber  was  assumed  by 
subtracting  secondary  gel  fraction  obtained  by  single  coating 
experiments  under  the  same  drawing  conditions  from  the  gel  fraction 
of  the  whole  coating  layers  of  the  fiber. 

Consumption  of  acrylic  double  bond  was  measured  by  microscopic 
ATR-IR.  By  scraping  off  the  coating  layer  from  the  fiber,  the 
surface  of  the  primary  layer  was  put  on  a  Zn-Se  prism.  Decrease  of 
IR  absorption  peak  at  810  cm-1  assigned  to  terminal  hydrogen  on 
acrylic  double  bond  was  measured  as  adjacent  780  cm'1  peak  as  an 
internal  standard.  The  peak  ratio  of  unreaced  primary  coating  was 
defined  as  0  %  cure.  Complete  consumption  of  acrylic  double 
bond  (100  %  cure)  was  defined  as  no  peak  at  810  cm'1. 

Table  1.  Properties  of  primary  and  secondary 
coatings 


Primary 

coating 

Secondary 

coating 

Liquid* 

Viscosity  (Pa  »s) 

3.4 

3.8 

Density  (g/cm3) 

1.04 

1.10 

Cured** 

Young’s  modulus  (MPa) 

1.2 

840 

Tensile  strength  (MPa) 

3.0 

40 

Tensile  elongation(%) 

200 

55 

Water  absorption  (%) 

1.5 

2.6 

*  Viscosity  and  density  were  measured  at  25  C. 


**  Properties  of  cured  film  were  measured  at  23  C. 


micrometer  screw  to  control  the  movement  of  the  hook.  Slow  and 
precise  movement  of  the  hook  is  realized  by  a  motor  with  a 
reduction  gear  head  and  the  micrometer  screw,  that  are  connected 
through  timing  belts.  These  hooks  are  designed  to  avoid  cramping 
of  a  specimen  different  from  conventional  tensile  machines,  which 
sometimes  results  in  break  of  fiber.  The  upper  hook  simply  hang 
the  specimen  and  the  lower  one  pulls  it  without  fixation.  By 
hanging  the  specimen,  it  is  easy  to  put  a  fiber  specimen  precisely 
vertical,  which  is  often  difficult  by  cramping. 

A  specimen  is  prepared  as  shown  in  Figure  2.  Two  metallic 
cylinders,  which  have  a  hole  with  0.26  or  0.28  mm  diameter  in  their 
center  are  put  on  the  both  ends  of  a  coated  fiber  with  10  mm 
distance.  The  fiber  is  fixed  by  a  minimum  amount  of  cyanoaciylate 
adhesive  to  the  cylinder.  The  coating  layer  is  cut  at  the  surface  of 
each  cylinder  by  using  a  razor.  This  specimen  is  put  on  the  hooks. 
Since  the  surface  of  each  end  of  the  cylinder  and  hooks  are  prepared 
to  have  accurately  right  angle,  the  fiber  is  suspended  vertically. 

Actual  displacement  is  around  20  Jim  and  load  range  is  around  10  g. 
Displacement  rate  (3  pm/min)  was  adjusted  to  be  similar  to  that  of 
Young’s  modulus  measurement  of  cured  film  (1  mm/min  for  25  mm 
sample  length).  It  takes  about  three  minutes  to  pull  out  20  pm, 
which  corresponds  to  45  %  deformation.  Modulus  of  the  primary 
coating  is  calculated  according  to  the  formula  shown  as  equation  (1). 
By  using  this  new  machine  some  samples  were  measured.  An 
example  of  stress  and  strain  curve  (S-S  curve)  chart  is  shown  in 
Figure  3.  In  the  range  of  10  -  20  pm  displacement,  S-S  response 
gave  linear  relationship.  When  the  specimen  was  left  at  constant 
displacement  in  the  midst  of  the  measurement  for  about  one  minutes, 
the  load  did  not  change,  which  indicates  that  there  is  no  slipping,  no 
plasticization  by  adhesive,  and  no  obvious  relaxation  in  this  time 
scale.  To  confirm  there  is  no  adverse  effect  from  the  adhesive,  a 
fiber  specimens  prepared  by  metallic  cylinders  with  wider  hole  (0.28 
mm)  and  smaller  hole  (0.26  mm)  were  compared.  The  modulus 
obtained  did  not  change  by  the  width  of  the  cylinder  hole. 
Hysteresis  was  also  evaluated.  S-S  lines  for  pulling  out  and  the 
return  at  the  same  rate  had  the  same  slope,  which  again  confirmed 
the  measurement  is  in  elastic  range. 


3.  Results  and  Discussion 

3.1  Development  of 
“Pull-Out-Modulus”  Tensile  Machine 

The  picture  and  schematic  drawing  of  the  tensile  machine  for 
“pull-out-modulus”  is  given  in  Figure  1.  The  machine  has  a 


(1  +  n)  W 

E  = - — - lnfDp/Dj) 

tcL/Zj 

E:  Young’s  modulus  n:  Poison’s  ratio 

L:  Length  of  metallic  pipe  Z:  Displacment  of  glass  fiber 

Dp:  Diameter  of  primary  coating  layer  Df:  Diameter  of  glass  fiber 


(1) 

W:  Load 
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Figure  1.  Picture  and  schematic  drawing  of  “pull-out-modulus”  tensile  machine. 


Hole  with  0.26  or  0.28  mm 


Bind  with  cyanoacrylate  adhesive 


Cut  off 


Cut  off 


Figure  2.  Preparation  of  a  fiber  specimen  for  measurement  of  “pull-out-modulus”. 
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23.2  nm  (45  %  deformation)  took  3  minutes 


It  took  3  minutes  to  “pull-out”  the  glass. 


3.2  “Pull-Out-Modulus”  and  Gel 
Fraction  of  Primary  Coating  on  Optical 
Fiber 

Figure  4  includes  plots  of  pull-out-modulus  and  gel  fraction  of  the 
primary  layer  on  fiber  against  drawing  speed.  When  the  input 
power  of  the  UV  lamp  for  primary  coating  was  set  35  %,  gel  fraction 
started  decreasing  at  around  200  m/min  of  drawing  speed. 
Whereas  the  pull-out-modulus  of  the  primary  layer  on  the  fiber 
seemed  to  have  maximum  value  at  200  m/min  of  drawing  speed. 

When  the  UV  lamp  power  was  increased  to  100  %,  the  values  of  the 
gel  fraction  and  modulus  decreased  at  slower  drawing  speed. 
However,  the  gel  fraction  and  modulus  gradually  increased  as  the 
increase  of  the  drawing  speed  and  reached  maximum  value  at  300 
-400  m/min  of  draw  speed.  At  faster  drawing  speed  range,  primary 
coating  cured  with  100  %  input  power  indicated  higher  gel  fraction 
and  higher  Young’s  modulus  than  those  cured  with  35  %  input 
power.  This  behavior  is  in  good  accordance  with  the  results  we 
reported  in  the  previous  IWCS  [6].  Namely,  the  increase  of  UV 
lamp  power  for  primary  coating  does  not  simply  increase  the  cure 


degree  but  shows  optimum  points.  In  this  case,  drawing  speeds  at 
200  m/min  for  35  %  input  and  400  m/min  for  100  %  input  are 
considered  to  be  the  optimum  points. 

3.3  “Pull-Out-Modulus”  and  ATR-IR  of 
Primary  Coating  on  Optical  Fber 

The  ATR-IR  spectra  of  the  primary  coatings  on  the  fiber  were 
measured.  The  consumption  of  acrylic  double  bond  was  calculated 
and  listed  in  Table  2  along  with  the  pull-out-modulus  data.  Figure 
5  shows  the  relationship  between  pull-out-modulus  and  the  ATR-IR 
data.  It  is  interesting  that  the  relationships  are  different  when  the 
primary  coating  was  cured  by  35  %  input  power  lamp  or  100  % 
power  lamp.  The  primary  coating  cured  by  35  %  input  power 
reaches  higher  modulus  at  the  same  consumption  of  acrylic  double 
bond,  and  hence  it  reaches  higher  modulus  at  high  double  bond 
consumption.  This  observation  suggests  that  the  formation  of 
urethane  acrylate  network  is  affected  by  the  intensity  of  the  UV  lamp. 
This  result  is  again  in  good  accordance  with  our  previous 
observation  [6]. 
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Figure  4.  Pull-out  modulus  and  gel  fraction  of  primary  coating  layer  at  35  %  and  100  %  input  power  of  UV 
lamp  for  primary  coating. 


Table  2.  Pull-out-modulus  and  acrylic  double  bond  consumption  measured  by  ATR-IR 


Pull-out-modulus  (MPa) 

Consumption  of  acrylic  double  bond 

(%) 

UV  lam 

p  power 

UV  lam 

p  power 

Drawing  speed  (m/min) 

35  %  (6  kW) 

100  %  (6  kW) 

35  %  (6  kW) 

100  %  (6  kW) 

100 

1.16 

0.74 

99 

95 

200 

1.31 

0.83 

98 

95 

300 

1.08 

0.87 

91 

93 

400 

0.90 

0.77 

88 

90 
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0.66 
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81 

85 
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Figure  5.  Relationship  between  pull-out-modulus  and  consumption  of  acrylic  double  bond  measured  by 
ATR-IR. 
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4. 


Conclusions 


We  have  developed  a  new  method  to  evaluate  the  modulus  of  the 
primary  coating  on  the  fiber  directly.  It  was  confirmed  that  the 
measurements  were  carried  out  in  elastic  region  and  relaxation 
during  measurement  was  negligible.  By  using  the  new  method, 
several  optical  fibers  prepared  at  different  drawing  speed  and  UV 
lamp  power  for  primary  coating  were  evaluated. 

Dependence  of  the  pull-out-modulus  of  the  primary  coating  showed 
maximum  values  against  drawing  speed  indicating  the  presence  of 
optimum  curing  condition  for  primary  coating. 

Comparison  was  made  with  other  methods  to  evaluate  the  cure 
degree  of  primary  coating. 

Gel  fraction  showed  good  correlation  with  pull-out-modulus, 
although  the  gel  fraction  of  the  primary  coating  was  tedious  to 
obtain  because  the  gel  fraction  of  the  secondary  coating  needs  to  be 
measured  in  separate  experiments  to  subtract  it  from  the  gel  fraction 
of  primary  and  secondary  combined  layers. 

Acrylic  double  bond  consumption  data  by  ATR-IR  were  also 
compared  with  pull-out-modulus  data.  The  modulus  data  and  IR 
data  were  not  in  a  complete  one-by-one  correlation.  The 


relationship  was  affected  by  the  power  of  UV  lamp  for  primary 
coating.  These  results  indicate  that  the  cure  behavior  of  the 
primary  coating  is  affected  not  only  by  drawing  speed  but  intensity 
of  the  UV  light.  Therefore,  ATR-IR  method  should  not  be  used  as 
a  sole  analytical  method  to  evaluate  the  cure  behavior  of  the  primary 
coating. 
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Abstract 

This  paper  presents  the  development  of  a  high  lightning-resistant 
OPGW  cable  in  partnership  with  Furnas  Centrais  Eletricas,  one  of 
the  most  important  Brazilian  Energy  Utilities.  The  main  goal  of 
this  work  was  to  design  a  cable  that  withstand  the  harmful  effect 
of  the  long  duration  stroke  known  as  the  continuity  component  of 
the  natural  lightning  current,  at  high  protection  level. 

The  use  of  high  class  galvanized  steel  wires  and  aluminum  tube 
protection  of  the  optical  core,  with  a  low  increase  in  weight  and 
diameter  of  the  cable,  lead  this  OPGW  cable  to  be  an  enhanced 
lightning-resistant  and  cost-effective  solution,  when  compared 
with  other  design  alternatives. 

Other  aspects  involved  in  developing  the  OPGW  cable  as 
lightning  arc  test  methodology,  maintenance  criteria  and  field 
evaluation  are  also  discussed. 

Keywords 

Optical  fibers;  ground  wire;  overhead  line;  OPGW;  lightning  strike. 

1.  Introduction 

Ground  wire  cables  are  typically  suspended  between  the  spaced- 
apart  support  towers  and  above  the  base  electrical  conductors  of 
the  power  transmission  network  to  protect  from  the  high  current 
and  voltage  surges  presented  by  direct  or  near-by  lightning  strikes. 

In  these  electric  power  transmission  lines  each  time  more  comes 
being  applied  composite  overhead  ground  wires  with  optical 
fibers  known  as  OPGW  that,  besides  the  specific  function  of 
protection  of  the  power  lines,  have  to  provide  an  optical  media, 
through  the  inward  use  of  optical  fibers.  It  should  not  be  taken  for 
granted  that  fiber  optic  cables  will  be  trouble  free  on  high  voltage 
overhead  lines. 

The  maintenance  of  the  integrity  of  ground  wires  (GW/OPGW) 
endangered  by  the  occurrence  of  environmental  phenomena  as 
lightning  strikes  is  one  of  the  basic  aspects  for  reliability  of  the 
system  and  one  important  design  parameter.  In  the  case  of 
OPGW,  this  aspect  is  more  critical  because  the  cable  can  transport 
a  high  digital  bit-rate  of  a  telecommunication  network. 


With  the  great  expansion  of  the  use  of  OPGW  in  overhead 
transmission  lines  in  the  last  years  in  Brazil,  thousands  of 
kilometers  of  cables  had  been  installed  in  all  the  regions  of  the 
country. 

However,  exposed  to  the  most  diverse  keraulic  levels  (isokeraulic 
level:  annual  total  days  on  which  lightning  occurs)  of  tropical  or 
equatorial  climate  environments,  these  OPGW  cables  had  suffered 
severe  damages  due  to  atmospheric  strokes. 

This  paper  describes  the  development  stages  of  an  enhanced 
lightning-resistant  and  cost-effective  solution  of  OPGW  cables, 
when  compared  with  other  design  alternatives. 

Results  of  OPGW  performance  for  other  type  tests  are  presented, 
as  well  as  the  lightning  arc  tests  performed  at  Cepel  Electrical 
Energy  Research  Center  -  Rio  de  Janeiro/Brazil. 

2.  Lightning  on  OPGW 

2.1  Lightning  Phenomena 

Several  studies  have  been  made  in  order  to  evaluate  the  damage 
levels  on  OPGW  cables  due  to  lightning  strikes.  Basically,  natural 
lightning  currents  typically  have  different  components: 

•  A  first  stroke  of  positive  or  negative  polarity. 

•  Subsequent  strokes  of  negative  polarity. 

•  A  continuing  current  (long  duration  stroke)  of  positive  or 
negative  polarity. 

Of  the  different  components  of  a  lightning  flash  only  the  first  return 
stroke  and  the  continuing  current  contain  remarkable  charges.  From 
laboratory  experiments  it  is  well  known  that  the  impulse  currents  of 
first  return  strokes  do  not  cause  severe  damage  to  metal  surface, 
when  striking  an  OPGW  f  1]. 

Severe  damages  of  the  wire  outer  layer  and  even  of  optical  fibers 
inside  an  inner  tube  may  only  be  caused  by  long  duration  strokes. 
The  total  charge  of  a  long  duration  stroke,  having  a  long  duration 
pulse  length  of  about  0. 1  s  to  1  s,  is  the  decisive  quantity  because  it 
determines  the  melting  energy  flux  at  the  striking  point  on  the  wires 
surface  [2]. 

These  continuing  currents  constitute  a  severe  threat  to  OPGW, 
where  also  the  second  layer  of  strands  may  suffer  damage. 
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The  investigations  performed  showed  that  the  overall  damage  of  a 
ground  wire  depends  closely  with: 

•  Wire  diameter  of  the  strand. 

•  Wire  material. 

•  Degree  on  the  tensile  force  applied  to  the  wire. 

•  Protection  level  (charge)  desired  to  the  cable. 

These  considerations  are  very  important  to  select  suitable  armoring 
materials  for  the  OPGW  cable  to  withstand  high  lightning  protection 
levels. 

2.2  Test  Methodology 

As  lightning  arc  tests  were  not  considered  by  the  current  OPGW 
Brazilian  Specification  [3]  this  matter  leaded  the  electric  energy 
utilities  to  revise  drastically  their  cable  acceptance  criteria,  also 
forming  a  working  group  at  Brazilian  Standard  Commission 
(ABNT)  for  evaluation  of  the  phenomena  and  to  review  the 
Specification. 

During  the  last  year  the  ABNT  Commission  conducted  a  large 
number  of  continuing  current  tests  on  a  variety  of  ground  wires 
(conventional  and  optical)  and  have  successfully  improved  the  test 
techniques  to  best  simulate  in  laboratory  the  effects  of  natural 
lightning.  The  developed  test  methodology  [4]  and  acceptance 
criteria  have  been  developed  as  summarized  in  the  following. 

2. 2. 1  Test  Set-up  [4 ] 

The  tests  shall  be  performed  on  the  mid-point  of  a  sample  of 
OPGW  not  less  than  10  m  long. 

An  iron  rod  shall  be  used  as  the  electrode  which  shall  be 
positioned  above  the  OPGW.  The  electrode  and  OPGW  shall  be 
connected  by  a  copper  fuse  wire.  The  distance  between  the 
electrode  and  OPGW  shall  be  of  6  cm.  The  applied  tensile  load  on 
the  sample  OPGW  shall  be  15%  of  RTS  (rated  tensile  strength). 

The  lightning  simulation  tests  (five  times)  are  carried  out  on  the 
same  OPGW  sample,  but  not  at  the  same  place  on  the  OPGW. 
The  level  of  the  continuing  current,  which  depends  on  the  desired 
level  protection,  shall  be  applied  during  0.5  s  (pulse  length). 

After  each  current  application  the  cable  shall  be  tensioned  until  a 
predicted  test  limit  load.  This  test  limit  load  is  the  maximum 
allowable  tension  (maximum  tension  under  expected  worst  case 
loading  conditions)  multiplied  by  a  specified  safety  factor  (usually 
between  1  and  3). 

2.2.2  Acceptance  Criteria 

On  completion  of  the  test,  the  following  acceptance  criteria  shall 
be  considered: 

•  Damages  in  structural  or  protection  elements  that  expose  the 
optical  unit  or  optical  fibers  to  environmental  agents  (e.g. 
moisture)  or  affect  the  good  performance  of  the  optical  fibers 
shall  constitute  a  failure. 


•  Any  permanent  or  temporary  variation  in  optical  attenuation, 
up  to  the  maximum  allowable  tension,  greater  than  the 
specified  value  (0.1  dB)  shall  constitute  a  failure. 

•  The  cable  shall  withstand  the  test  limit  load  by  3  minutes. 

3.  Cable  Development 

3.1  Furnas  Requirements 

Furnas  required  a  24  SM  optical  fibers  OPGW  cable  for  a  750  kV 
Transmission  Line,  with  the  total  length  of  273  km,  between  the 
cities  of  Ivaipora  and  Itabera,  Parana  State,  Brazil. 

As  this  type  of  cable  requires  an  extremely  high  reliability  due  to 
the  complicated  repair  conditions,  Fumas  established  a  severe 
acceptance  criteria  for  the  lightning  arc  test:  no  broken  armor 
wires  occurrence  are  allowed  due  to  the  effect  of  lightning  at  the 
higher  level  protection  (charge  of  200  C).  This  condition  provides 
the  almost  absence  of  repairing  intervention. 

3.2  Study  on  Armor  Wire  Materials 

Usually,  the  armoring  wires  of  OPGW  cables  are  made  of 
aluminum-clad  steel,  aluminum  alloy  or  a  mixed  of  them,  mainly 
due  their  contribution  to  the  short  circuit  capacity  of  the  cable. 
However,  laboratory  tests  showed  that  these  materials  are  not 
likely  to  support  high  levels  of  lightning  strikes  without 
significant  amount  of  wires  broken.  Only  an  excessive  increase  in 
wire  diameter  of  these  materials  can  avoid  this  effect. 

To  find  a  cost-effective  solution  with  a  low  increase  in  weight  and 
diameter  of  the  cable,  Pirelli  and  Fumas  studied  the  use  of  high 
class  galvanized  steel  wires  as  armoring  layer  of  OPGW,  because 
this  material  need  much  energy  to  fuse  due  to  lightning  strike 
incidence. 

In  fact,  different  to  the  behavior  of  aluminum,  zinc  needs  little 
energy  to  dissolve.  If  zinc  is  clad  on  the  surface  of  the  steel  wire, 
the  arc  is  expected  to  act  on  this  portion,  causing  the  arc  spot  to 
spread  widely  along  the  surface  of  the  wire.  As  a  result,  the 
thermal  energy  will  be  spread  widely  and  reduced.  In  addition, 
thermal  energy  will  be  absorbed  by  vapor  when  the  zinc  layer  is 
fused  and  vaporized  [5]. 

Other  important  aspect  considered  was  the  field  evaluation  of  the 
conventional  ground  wires  (3/8”  EHS)  with  class  A  galvanized 
steel  wires  (3.09  mm  of  wires  diameter)  installed  in  the  same 
region  for  more  than  15  years.  As  a  result  of  this  study,  it  was 
established  a  positively  good  long-term  performance  with  respect 
to  corrosiveness  and  lightning  resistance. 

Despite  of  this  fact,  it  was  decided  to  use  for  the  OPGW  cable  the 
class  B  (520  g/m2)  of  galvanized  steel  wires  to  be  applied  as 
armor  layer. 
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3.3  Cable  Description 

The  OP  GW  cable  consists  basically  of  a  dielectric  optical  core 
with  loose  tube  construction,  covered  by  an  aluminum  tube  to 
provide  the  desired  short-circuit  capacity  and  mechanically 
protected  by  the  use  of  one  armoring  layer  of  high  class 
galvanized  steel  wires.  A  cross  section  of  the  cable  is  illustrated  in 
Figure  1. 


Figure  1.  OPGW  cable  cross  section 

1)  Central  strength  member 

2)  Optical  fibers  -  24  SM 

3)  Protection  tube 

4)  Filling  and  flooding  compounds 

5)  Tapes 

6)  Aluminum  tube 

7)  Armoring  (12  x  3.09  mm  of  high  class  galvanized  steel  wires) 
The  main  characteristics  of  this  cable  are  shown  in  Table  1 : 


Table  1.  Main  characteristics  of  OPGW  cable 


Overall  diameter 

15.5  mm 

Unitary  weight 

8.2  N/m 

Metallic  section 

125.7  mm2 

Linear  thermal  coefficient 

13.3xl0'6  1/°C 

Modulus  of  elasticity 

132  kN/mm2 

Rated  tensile  strength 

111  kN 

Electrical  resistance  DC  @  20°C 

0.539  Of km 

Short  circuit  capacity  (t=0.3  s;  Ti=50°C) 

70kA2s 

4.  Type  Tests 

4.1  Lightning  arc  tests 

Several  prototype  tests  have  been  performed  at  Cepel  Electrical 
Energy  Research  Center  -  Rio  de  Janeiro/Brazil,  and  showed  that 
galvanized  steel  wires  have  higher  lightning  resistance  when 
compared  with  aluminum-clad  steel  and  aluminum  alloy  ones  of 
close  diameters  [6].  The  proposed  OPGW  withstand  successfully 
5  tests  at  the  maximum  protection  level  (charge  of  200  C  =  100  A 
x  0.5  s)  without  any  armor  wire  broken. 


4.2  Other  Type  Tests 

The  following  qualification  tests  were  carried  out  according  to 
Brazilian  Standard  [1]  and  Furnas  requirements: 

•  Attenuation. 

•  Thermal  cycling. 

•  Water  penetration. 

•  Compression. 

•  Sheave. 

•  Minimum  bending  radius. 

•  Strain  margin. 

•  Cut-off  length. 

•  Aeolian  vibration. 

•  Creep. 

The  obtained  results  demonstrate  successfully  an  excellent 
performance  of  the  proposed  OPGW  cable  with  high  class 
galvanized  steel  wires  as  armoring. 

5.  Conclusions 

The  use  of  high  class  galvanized  steel  wires  and  aluminum  tube 
protection  of  the  optical  core,  with  a  low  increase  in  weight  and 
diameter  of  the  cable,  lead  this  OPGW  cable  to  be  an  enhanced 
lightning-resistant  and  cost-effective  solution,  when  compared 
with  other  design  alternatives. 
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Abstract 

Dielectric  aerial  cables  are  normally  exposed  to  a  combination  of 
harsh  environmental  conditions,  like  humidity,  dust,  UV-sunlight 
and  extreme  temperatures.  If  they  are  installed  between  the  support 
towers  of  high  voltage  power  lines,  surface  currents  flow  on  the 
cable  sheath  and  considerably  accelerate  the  natural  cable  aging  by 
eroding  and  puncturing  the  cable  jacket. 

A  variety  of  tests  have  been  proposed  to  check  the  resistance  of  the 
cable  sheath  for  erosion  and  tracking  under  combined  stresses. 
These  tests  compare  the  properties  of  different  materials  or  cable 
designs  relative  to  each  other  and  categorize  them  into  more  or  less 
resistant. 

In  our  study  a  test  procedure  for  ADSS  cables  in  high  voltage  lines 
has  been  developed  that  accelerates  erosion  considerably  under 
environmental  conditions  without  leaving  the  linear  electrical  aging 
model.  The  test  results  can,  therefore,  be  used  to  forecast  ADSS 
cable  lifetime  under  given  environmental  conditions. 


Keywords 

ADSS;  aerial  cable;  lifetime;  lifetime  forecast;  sheath  erosion;  high 
voltage;  tracking;  dry  band  arcing. 


1.  Introduction 

The  fast  completion  of  existing  infrastructures  with  communication 
cables  for  data  transmission  has  developed  into  a  profitable  business 
for  power  utility  companies  in  the  recent  years.  Driven  by  the  rapid 
increase  of  demand  for  data  transmission  capacity,  all  possible 
manners  of  installing  dielectric  optical  fiber  cables  have  been 
utilized.  They  are  lashed  to  ground  wires  or  are  suspended  between 
the  towers  of  overhead  power  lines  under  lifeline  conditions.  By  that 
the  telecommunicational  meaningless  power  utility  line  becomes  in 
addition  an  important  data  transmission  line  with  similar  high 
requirements  regarding  reliability  and  continuous  traffic.  In  contrast 
to  the  high  expectations  for  reliability  of  operation  are  the 
considerable  stresses,  these  cables  are  exposed  to  in  high  voltage 
lines.  Besides  natural  environmental  factors  like  moisture,  pollution, 
heat,  cold  and  UV-sunlight,  the  destruction  of  the  cable  sheath  by 
electrical  surface  currents  is  of  great  importance. 


Most  harmful  for  the  long-term  function  of  ADSS  cables  is  the 
combination  of  several  stress  factors  like  moisture,  pollution,  strain 
and  surface  current.  This  results  in  an  agressive  and  destructive 
effect  to  the  cable  sheath,  which  can  cause  the  early  breakdown  of 
an  aerial  cable  line  by  tearing  apart  a  cable  link. 

Improved  erosion  resistant  jacket  materials  and  field  control 
elements  inside  and  outside  of  ADSS  cables  have  resulted  in  a 
significant  extension  of  cable  lifetime  that  can  be  seen  by  comparing 
different  cables  under  the  same  operating  conditions.  Local 
controlling  in  power  lines  is  costly  and  time  consuming  and  hinders 
a  smooth  spreading  of  ADSS  cable  applications  particularly  in  high 
voltage  lines  with  an  operation  voltage  greater  than  220  kV.  For 
these  lines,  ADSS  cabling  is  only  occationally  accepted  due  to  the 
danger  of  strong  electrical  sheath  erosion. 

The  urgent  questions  of  cable  operating  companies  for  the  safe 
operating  lifespan  can  only  satisfactory  be  answered,  if  there  is  a  fast 
and  reliable  forecast,  considering  cable  design  and  local 
environmental  conditions.  For  the  cable  manufacturers,  this  forecast 
can  be  a  tool  for  optimizing  ADSS  cables  to  local  conditions  and  to 
the  lifetime  expectations  of  the  cable  operators. 


2.  Test  Procedure 

In  the  test  procedure  for  determing  the  lifetime  of  ADSS  cables,  the 
local  conditions  in  the  power  utility  line  have  to  be  imitated  as 
realistically  as  possible  for  valid  results.  In  addition,  the  natural 
sheath  erosion  has  to  be  accelerated  considerably  to  be  of  advantage 
compared  to  test  installations  in  high  voltage  lines.  The  following 
test  conditions  have  to  be  considered: 


Dry  Band  Arcing 

On  the  sheath  of  ADSS  cables  in  high  voltage  fields  a  special  kind 
of  surface  discharges  appeare,  which  often  lead  to  ring-shaped 
erosion  traces.  To  imitate  the  natural  aging,  these  surface 
discharches,  called  dry  band  arcing  [1],  should  also  in  a  lifetime  test 
be  the  dominant  factor. 

Driven  by  the  voltage  gradient  along  the  cable,  an  electrical  current 
flows  on  the  cable  surface  from  the  center  of  the  span  toward  the 
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grounded  span  ends  at  the  towers.  On  a  dry  sheath  surface  the 
current  is  negligibly  low.  Depending  on  the  potential  difference  it 
can  reach  up  to  a  few  mA  in  the  vicinity  of  the  tower  if  the  cable 
surface  is  wet  and  polluted  (Figure  1).  If  the  surface  is  continuously 
wet  and  conductive,  the  surface  current  only  generates  some  Joule 
heat  that  accelerates  the  drying,  but  does  not  cause  any  erosion  (A). 
During  evaporation  of  the  water  film,  dry  zones  are  formed  that 
interrupt  the  current  flow  and  are  therefore  bridged  by  electrical 
discharges.  The  discharges  appear  as  small  arcs  that  erode  the  cable 
surface  by  burning  small  particles  (B).  Becoming  larger  in  area  and 
number,  the  dry  zones  raise  the  average  electrical  surface  resistance 
and  by  that  reduce  the  number  (C)  and  intensity  (D)  of  discharges, 
until  they  are  finally  vanished. 


current  in  mA 


The  most  powerfull  discharges  with  the  strongest  erosion  effect 
appear  during  the  first  minutes  of  drying.  Therefore,  for  an 
accelerated  erosion  during  testing,  this  first  phase  should  be 
generated  as  frequently  as  possible. 

As  a  measure  for  the  resistivity  of  the  jacket  material  against 
degradation,  the  number  of  drying  phases  can  be  counted,  which  is 
required  for  generating  clear  erosion  traces.  Our  experiments  have 
shown  an  active  electrical  phase  for  up  to  ten  minutes  after  two 
minutes  of  moisturizing  the  cable  surface.  Adding  a  safety  margin  of 
three  more  minutes,  we  could  run  a  complete  wet  dry  cycle  within 
15  minutes  or  100  cycles  per  day. 

Surface  Wetting 

ADSS  cable  sheaths  are  mainly  manufactured  from  polyethylen 
whith  a  water  repellent  surface.  This  hyrophobic  characteristic 
prevents  the  surface  from  wetting  with  a  continuous  waterfilm  by 
forming  drops  with  wide  dry  zones  in  between.  Therefore,  dry  band 
arcing  is  suppressed  on  new  made  aerial  cables.  After  installation, 
the  surface  tension  is  gradually  diminished  by  environmental 
influences  like  UV  sunlight  and  pollution,  and  the  probability  of 
surface  arcing  increases.  This  time-wasting  preparation  can  be 
shortened,  if  a  wetting  agent  and  some  mineral  salt  is  added  to  the 


water.  The  wetting  agent  produces  the  contiuous  water  layer  and  the 
salt  improves  the  electrical  conductivity. 

These  ingredients  additionally  enable  the  simulation  of  different 
grades  of  pollution.  In  test  cycles  with  only  weak  moisturing  and 
complete  drying,  a  layer  of  salt  will  grow  on  the  cable  surface, 
which  simulates  the  surface  effects  in  dry  areas  at  a  high  level  of 
dust  or  sea  water  spraying.  Cycles  with  intensive  wetting  represent 
the  conditions  in  rainy  areas,  where  the  cable  surface  is  washed 
regularly  and  kept  clean  most  of  the  year. 

Field  strength  distribution 

For  the  imitation  of  the  real  electrical  relations  in  the  vicinity  of  the 
towers,  both  the  electrical  current  along  the  sheath  surface  and  the 
electrical  field  strength  have  to  be  simulated  (Figure  2).  The  current 
on  the  test  sample  can  be  increased  to  the  value  of  a  half  span  length 
by  adding  a  capacitor  C  between  the  high  voltage  source  and  the 
“hot”  cable  fitting.  The  level  of  the  electrical  space  potential  and  its 
distribution  around  the  tower  fitting  are  generated  in  the  test 
arrangement  by  a  high  voltage  electrode  HV. 

Installed  ADSS  cables  usually  show  the  strongest  erosions  close  to 
the  tower,  where  they  are  attached  by  grounded  clamps  or  spirals. 
Within  the  last  millimeters,  where  the  wires  of  the  suspension  spiral 
grip  the  jacket,  the  most  severe  deteriorations  take  place.  Here  we 
find  the  strongest  surface  currents  and  the  greatest  potential 
difference  in  the  whole  span.  In  addition,  the  spiral  wire  tips  can 
concentrate  the  field  strength  to  such  high  levels,  that  tip 
discharges  may  occur  and  intensify  the  destroying  erosion  in  this 


Figure  2.  Realistic  imitation  of  electrical  field  and  current 
Test  voltage 

The  space  potential,  which  is  given  by  the  voltage  of  the  HV- 
electrode,  controls  the  intensity  of  the  surface  discharges.  Raising 
the  voltage  intensifies  the  electrical  erosion  and  thus  reduces  the 
number  of  test  cycles. 
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But  the  voltage  level  is  limited,  due  to  the  dimensions  and  the 
dielectric  strength  of  the  test  equipment.  And  even  more  important  is 
the  fact,  that  these  test  results  supply  the  data  for  a  lifetime  forecast 
calculation. 

During  the  test,  the  same  kind  of  discharges  should  perform  on  the 
ADSS  cable  as  can  be  seen  in  the  high  voltage  line.  In  our 
experiments,  we  found  that  the  typical  ring-shaped  erosion  marks 
are  produced  at  a  voltage  between  20kV  and  40kV.  Higher  voltages 
result  in  accelerated  aging.  But  if  the  voltage  gets  too  high,  effects 
can  be  noticed  that  cannot  be  seen  on  installed  ADSS  cables  under 
normal  conditions.  These  effects  are  electrical  breakdowns  along  the 
cable  sample,  widespread  erosions  and  fast  burning  of  the  cable 
sheath  at  the  beginning  of  the  suspension  spiral.  They  are  beyond 
the  linear  electrical  aging  model,  diminish  the  evidence  of  the  results 
and  should  be  avoided  in  an  ADSS  cable  lifetime  test. 


Mechanical  Strain 

Typically  ADSS  cables  contain  a  layer  of  aramid  yams  directly 
under  the  sheath  for  taking  up  the  pulling  forces  of  the  installed 
cable  under  tension.  Because  of  the  cables'  dead  weight,  the  pulling 
forces  in  even  lines  are  highest  at  the  towers  and  lowest  in  the  center 
of  the  span.  At  the  end  of  the  span,  the  pulling  forces  have  to  be 
transmitted  through  the  cable  sheath  to  the  fittings  which  requires  a 
non-slipping  adhesion  between  the  jacket  and  the  aramid  layer.  In 
case  of  oscillations  and  high  wind  loads  on  the  cable,  there  can  be 
some  slipping  and  elongation  of  the  sheath  at  the  cable  ends. 
Already  eroded  pinholes  and  tracks  can  now  be  enlarged 
mechanically,  accelerating  the  process  of  destruction. 

For  a  better  lifetime  forecast,  the  mechanical  strain  has  to  be 
considered  by  applying  the  maximun  allowed  mechanical  load  to  the 
cable  sample  within  the  test  chamber. 

Sample  Positioning 

On  even  ground  there  is  a  typical  slope  of  about  3°  at  the  span  ends 
of  the  installed  ADSS  cable.  The  slope  causes  the  water  to  flow 
toward  the  span  center,  facilitating  dry  zones  in  the  tower  area  and 
diy  band  arcing  next  to  the  suspension  spirals.  This  arrangement 
should  also  be  provided  in  the  test  chamber,  to  be  as  close  to  reality 
as  possible. 


3.  Test  chamber 

The  comlete  test  arrangement  is  accommodated  in  a  standard  double 
length  steel  container  and  measures  13m  x  2.5m  x  2.5m  (Figure  3). 
For  the  variation  of  the  test  conditions,  the  design  of  the  chamber 
allows  of  a  test  voltage  of  up  to  80kV.  To  prevent  electrical 
breakdowns  between  the  high  voltage  electrodes  E  and  the  grounded 
surroundings,  this  voltage  cannot  be  exceeded. 


The  electrodes  are  located  parallel  to  the  container  ceiling  and 
simulate  for  the  cable  sample  S,  the  electrical  field  distribution  of 
the  power  utility  line  close  to  a  tower.  The  required  pulling  force  is 
applied  to  the  sample  by  means  of  a  hydraulic  cylinder  F. 


Even  the  high  voltage  transformer  T  and  the  current  meter  A  are 
housed  inside  the  container.  In  contrast  to  other  test  arrangements 
[3,4],  there  is  no  need  to  fill  up  the  whole  chamber  with  salt  fog. 
Only  the  cable  samples  are  moistured  by  nozzles  N,  spraying  them 
directly  with  a  mixture  of  water,  salt  and  wetting  agent.  During 
spraying  the  high  voltage  is  switched  off.  After  two  minutes  of 
spraying,  when  the  cable  samples  are  completely  wet,  the  water  is 
stopped  and  the  voltage  is  switched  on  again.  Spraying  to  the 
samples  directly  and  in  cycles  considerably  reduces  the  amount  of 
test  water.  In  the  following  thirteen  minutes  the  drying  and  dry  band 
arcing  takes  place,  which  is  very  similar  to  the  drying  under  natural 
circumstances. 

To  achieve  a  normal  drying  velocity,  the  container  is  ventilated  and 
stabilized  to  room  temperature. 


4.  Lifetime  evaluation 

Surface  discharges  with  hot  spots  at  the  base  are  the  driving  force 
for  ADSS  cable  sheath  erosion.  They  mainly  occur  when  the 
continuously  wetted  cable  surface  starts  drying  and  small  dry  gaps 
between  wet  areas  have  to  be  bridged.  These  tight  dry  zones  are 
preferably  generated  after  rain  falls,  but  can  also  be  build  up  by  dew 
or  dense  fog,  especially  when  the  cable  surface  is  polluted.  A  higher 
test  voltage  effects  stronger  discharges,  which  generate  more  thermal 
energy  and  accelerate  the  surface  erosion.  On  the  other  hand,  the  hot 
spots  at  base  become  more  mobile  and  move  around  within  a  larger 
area  and  deminish  the  critical  eroding  effect  in  depth. 

Two  parameters  are  mainly  responsible  for  the  intensity  of  erosion 
of  the  ADSS  cable  surface: 

The  number  and  duration  of  the  drying  phases  per  year 

The  level  of  electrical  room  potential 

For  the  test  arrangement  described  here,  all  relevant  aging 
conditions  within  a  power  utility  line  have  extensivly  been 
considered.  The  aging  is  accelerated  by  a  fast  sequence  of  realistic 
drying  phases  and  by  a  moderate  increase  of  the  test  voltage  above 
the  space  potential  in  the  utility  line. 

Under  natural  conditions  in  the  open  air,  with  a  continuous  line 
voltage,  two  erosive  phases  can  be  found  with  every  shower  of  rain 
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and  every  dew:  the  moisturing  and  the  drying  phase,  which  have 
similar  erosion  impacts.  In  our  test  chamber  we  only  have  one 
erosive  phase  during  drying,  as  we  have  to  switch  off  the  voltage 
during  moisturing  to  avoid  imprinting  the  spraying  patterns  of  the 
nozzles  on  the  cable  sheath.  To  compensate  this  loss  of  erosion 
speed,  the  test  voltage  can  be  increased  for  faster  erosion  to  a  value 
above  the  real  line  space  potential.  The  drying  phase  in  the  test  now 
has  the  same  impact  to  the  cable  surface  as  a  shower  of  rain  in  the 
high  voltage  line. 

In  the  test  there  can  be  run  100  drying  cycles  within  24  hours,  which 
gives  an  acceleration  factor  of  300  to  500  for  dry  landscapes.  This 
means  that  a  cable  within  the  test  chamber  is  in  one  day  exposed  to 
the  same  erosion  than  within  one  year  in  the  power  utility  line.  For 
rainy  landscapes  with  frequent  dense  fog  and  dew,  the  acceleration 
factor  is  reduced  to  values  below  100. 
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5.  Conclusions 

The  lifetime  of  ADSS  cables  in  power  utility  lines  strongly  depends 
on  the  electrical  space  potential,  on  the  local  climatic  and 
environmental  conditions  and  -of  cause-  on  the  cable  design.  If  the 
surroundings  of  the  installed  ADSS  cable  are  well  known,  a  lifetime 
forecast  for  the  cable  in  the  respective  link  can  be  made  by  means  of 
the  proposed  test  arrangement. 
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Abstract 

The  present  work  describes  experimental  measurements  and 
numerical  simulations  relevant  to  the  coating  process  of  optical 
fibers  in  pressurized  and  unpressurized  applicators.  The 
experimental  work  focused  on  the  influence  of  simulated 
entrance  geometry  using  micropipettes  tubes  of  different 
diameters,  applicator  pressures  and  fiber  speeds  on  air 
entrapment  and  on  the  shape  of  the  upstream  coating  meniscus. 
Computed  results  include  the  shape  of  the  flow  field,  the 
pressure  distribution  and  effect  of  tube  length. 

1 .  Introduction 

Optical  fibers  require  single  or  multiple  layers  of  protective 
coating  which  is  applied  using  a  continuous  process,  where  the 
vertically  moving  fiber  is  passed  through  a  suitably  designed 
applicator  filled  with  liquid  coating  material.  Upon  entering  the 
applicator,  air  entrained  by  the  fiber  is  replaced  by  the  coating 
liquid  in  the  vicinity  of  an  apparent  dynamic  contact  surface 
between  the  air,  the  liquid  and  the  moving  fiber.  At  the 
applicator  exit  the  fiber  is  drawn  through  a  coating  die,  forming 
a  downstream  meniscus  as  the  coating  fluid  is  deposited  on  the 
fiber.  The  liquid  coating  is  then  cured  before  winding  onto  a 
drum. 

Because  of  their  practical  importance,  different  types  of  coating 
processes  for  photographic  film,  magnetic  tape,  wire,  etc.,  have 
been  considered  by  numerous  investigators.  References  1  and  2 
are  reviews  that  can  be  consulted  for  discussion  on  the  subject. 
Replacement  flows  with  plunging  fibers  have  included 
measurement  of  apparent  contact  angles  [3-6],  measurement  of 
critical  fiber  speeds  for  air  entrainment  [4,6],  air  bubble 
stripping  [7],  prediction  of  coating  thickness  [8],  and  numerical 
simulation  of  the  applicator  flow  field  [9,10].  Recent 
visualization  studies  have  shown  that  air  entrapment  by  the 
moving  fiber  is  accompanied  by  meniscus  saw  tooth  shaped 
deformations  [6]  from  where  air  bubbles  are  ejected  by  tip 
streaming  from  interface  cusps  near  the  fiber  [11].  Examples  of 
other  experimental  works  on  replacement  flows  appropriate  to 
the  present  study  are  those  with  tapes  or  with  rotating  horizontal 
cylinders  partially  immersed  in  a  pool  of  liquid  [12-14].  It 
should  be  pointed  out  that  air  displacement  by  the  wetting  liquid 
depends  on  molecular  interactions  at  the  surface  of  the  solid 


substrate,  which  have  not  yet  been  resolved.  Results  from 
asymptotic  analysis  in  the  limit  of  small  capillary  numbers  have 
been  in  good  agreement  with  measurements  of  the  liquid/air 
interface  shape  and  the  velocity  field  in  the  vicinity  of  a 
plunging  relatively  large  diameter  cylindrical  surface  [15,16]. 
However,  because  of  the  absence  of  a  predictive  general  theory, 
most  of  the  experimental  data  on  the  dependence  of  contact 
angle,  meniscus  depth,  and  incipient  air  entrainment  have  been 
correlated  based  on  dimensionless  correlations. 

Production  draw  speeds  for  optical  fiber  for  telecommunications 
can  be  in  the  range  of  20-30  m/sec,  exceeding  by  more  than  two 
orders  of  magnitude  the  critical  air  entrainment  speed  for  a  fiber 
plunging  into  a  free  liquid  surface  of  coating  fluid.  Except  for 
information  in  different  coating  process  patents,  the  exact 
procedures  used  for  minimizing  the  appearance  of  air  bubbles  in 
the  final  fiber  coating  are  not  well  publicized.  Fiber  coating 
applicators  are,  however,  operated  at  elevated  pressures  where 
the  coating  fluid  is  forced  into  the  entrance  die,  forming  a 
meniscus  within  the  clearance  region  between  the  moving  fiber 
and  the  die  inner  surface.  The  motivation  of  the  present  work 
was,  therefore,  to  examine  the  influence  of  size  on  the  upstream 
coating  meniscus.  The  entrance  die  is  substituted  with  a  series  of 
different  small  diameter  transparent  glass  micropipettes,  and  the 
applicator  is  operated  at  pressures  which  are  sufficiently  high  to 
force  the  free  surface  within  the  micropipette  tube.  This  paper 
includes  observations  and  measurements  using  different  glass 
tube  diameters,  pressures  and  fiber  speeds,  as  well  as 
comparisons  with  previous  results  [6],  obtained  using  an  open, 
unpressurized  applicator.  Results  from  the  numerical  simulation 
of  the  flow  field  within  the  glass  tubes  were  also  compared  with 
the  experimental  findings,  indicating  general  good  agreement. 

2.  Experimental 

2.1  Apparatus 

Figures  1  and  2  are  schematic  diagrams  of  the  overall 
experimental  apparatus  and  the  test  section,  respectively.  The 
fiber  motion  was  controlled  using  a  commercial  optical  fiber 
rewinder  system  with  a  speed  range  between  approximately  0.02 
and  17  m/sec.  The  test  applicator  was  a  stainless  steel  block 
with  a  machined  cavity  2  cm  x  2  cm  in  cross-section  and  overall 
effective  height  adjustable  from  approximately  2  cm  to  less  than 
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Figure  1.  Schematic  diagram  of 
apparatus 


Figure  2  .  Schematic  diagram  of  test 
applicator 


1  cm.  Two  pairs  of  1cm  diameter  flat  glass  windows  on  each 
wall  allowed  visualization  of  the  flow  from  two  perpendicular 
directions.  For  open  unpressurized  meniscus  tests  the  fiber 
entrance  to  the  test  section  was  through  a  350  pm  diameter 
coating  die.  For  the  pressurized  tests  the  upstream  die  was 
substituted  by  a  series  borosilicate  micropipette  tubes  of 
different  diameters  which  permitted  visualization  of  the  position 


and  shape  of  the  entrance  meniscus  as  it  was  forced  into  the 
micropipette  tube  by  pressurizing  the  test  applicator.  The  exit 
was  through  a  300  pm  coating  die.  The  test  liquid  was  glycerol 
and  was  supplied  using  two  opposing  inlet  ports  at  the  lower 
portion  of  the  applicator.  Clean  dry  air  was  used  for 
pressurization  of  the  liquid  reservoir  using  a  pressure  regulator. 
The  liquid  flow  rate  and  pressure  within  the  test  applicator  were 
controlled  using  a  parallel  two-valve  system.  A  bare  1.59  mm 
wire  diameter,  type  K  type  thermocouple  (not  shown  in  fig.  2) 
was  positioned  near  the  fiber  (at  approximately  one  fiber 
diameter  distance)  to  monitor  temperature  changes  associated 
with  viscous  dissipation.  Visualization  of  the  meniscus 
employed  diffuse  back  lighting  from  continuous  incandescent 
light  sources.  Images  of  the  menisci  from  two  perpendicular 
directions  were  acquired  using  telescope  equipped  CCD  cameras 
and  video  tape  recorders.  The  taped  images  were  analyzed  using 
image  processing  and  analysis  software.  The  resolution  of  the 
optical  system  depended  on  the  object  distance,  which  ranged 
from  30  cm  to  1  m  resulting  in  magnification  between  200  and 
100  and  pixel  to  pixel  spacing  between  5  jum  and  10  pm 
depending  on  magnification.  The  edge  of  the  meniscus  and 
fiber  were  identified  using  Sobel  edge  detection. 

The  glass  fibers  used  were  coated  with  a  single  coat  of  UV 
curable  polyacrylate.  The  coated  fiber  diameter  was  256  pm  and 
was  measured  using  a  fiber  diameter  monitor.  Tests  were 
carried  out  using  borosilicate  glass  micropipettes  approximately 
2  cm  long  with  internal  diameters  of  790  pm,  630  pm,  and  556 
pm,  resulting  in  fiber  to  pipette  diameter  ratios  of  3.08,  2.46, 
and  2.17,  respectively.  Of  importance  was  to  center  the  fiber 
within  the  glass  micropipete  tubes.  Viewing  from  two 
perpendicular  directions  through  the  two  window  pairs  was 
essential  in  this  process.  The  pressures  measured  at  the  fluid 
inlet  of  the  applicator  used  were  up  to  approximately  1 80  KPa. 
Measurements  were  taken  for  a  range  of  fiber  speeds  exceeding 
those  for  air  entertainment.  The  test  fluid  used  was  glycerine 
(viscosity  0.88  Nsec/m2  at  21  °C)  and  the  capillary  number  was 
between  approximately  2.8  and,  12. 

2.2  Experimental  Results  and  Discussion 

Figures  3A,C  show  images  of  the  meniscus  formed  with  the 
fiber  moving  into  an  unpressurized  open  cup  applicator,  and  figs 
3B,D  show  the  meniscus  forced  inside  the  632  jum  ID 
micropipette  by  pressurizing  the  applicator.  The  fiber  speed  in 
both  figures  was  20  m/min,  (larger  than  the  approximately  10 
m/sec  minimum  speed  for  air  entrainment  [6]),  the  applicator 
pressure  was  60.69  KPa,  and  both  sets  of  images  (A,B  and  C,D) 
were  taken  at  the  same  electronic  shutter  speed  (10'4  sec).  In 
both  cases  the  dynamic  contact  angle  was  near  180°.  Figure  3 A 
clearly  shows  the  breakdown  of  the  meniscus  into  saw  tooth 
patterns  and  tip  streaming  as  previously  observed  [6,1 1].  On  the 
other  hand,  the  pressurized  applicator  meniscus  image,  3B, 
appears  to  be  smooth  suggesting  suppression  of  large  scale 
breakdown  at  the  same  fiber  speed.  Lack  of  symmetry  in  fig.  3C 
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is  due  to  small  eccentricity  of  the  fiber  within  the  micropipette. 
Figures  3C,  and  3D  are  low  magnification  images  clearly 
demonstrating  that  the  unpressurized  meniscus  generates  a  large 
number  of  relatively  large  air  bubbles  compared  to  the 
pressurized  meniscus  in  fig.  3D  where  air  bubbles  are  probably 
too  small  to  be  detected.  Comparison  of  the  shape  of  the 


Figure  3.  A,  C,  unpressurized  test  section.  B,  D, 
meniscus  in  630  pm  diameter  tube,  test  section 
at .  Fiber  speed  20  m/min 

geometry  are  to  flatten  the  meniscus  and  to  increase  the  slope  of 
the  liquid-air  interface  near  the  fiber  compared  to  those  for  an 
unpressurized  meniscus.  This  probably  results  in  a  smaller  air 
volume  available  for  entrainment  accounting  for  the  difference 
between  figs.  3C  and  3D.  However,  a  clear  understanding  of  the 
effect  of  pressure  on  air  entrainment  requires  further 
investigation. 

The  thermocouple  probe  (not  shown  in  fig.  3)  registered  a 
temperature  increase  of  approximately  0.4  °C  at  a  fiber  speed  of 
20  m/min  (corresponding  to  a  Capillary  number  of  4.06  ) 


when  placed  at  an  axial  position  of  one  pipette  diameter  from 
the  tube  mouth.  The  temperature  increase  was  attributed  to 
viscous  dissipation  within  the  pipette  tube. 

The  equilibrium  distance  of  the  meniscus  from  the  tube  mouth  is 
a  consequence  of  a  mass  balance  between  liquid  outflow  due  to 
viscous  drag  by  the  moving  fiber  and  liquid  inflow  due  to  the 
pressure  drop  between  the  tube  entrance  and  the  meniscus.  In 
addition,  the  meniscus  geometry  depends  on  a  balance  between 
forces  due  to  the  pressure  difference  across  the  free  surface, 
surface  tension  forces  and  viscous  fluid  forces.  Further 
investigation  is  needed  to  establish  whether  for  given  operating 
conditions  the  position  and  shape  of  the  meniscus  are  unique. 
Experience  with  the  present  apparatus  has  shown  that  the  for  a 
sufficiently  high  pressure  and  fiber  speed  maintaining  a  stable 
meniscus  requires  careful  adjustments  to  avoid  catastrophic 
disruption  of  the  free  surface  leading  to  loss  of  pressure. 
Measurements  of  the  equilibrium  distance,  H,  from  the  tube 
mouth  and  of  the  resulting  meniscus  height,  h,  were  correlated 
using  non-dimensional  parameters  obtained  by  dimensional 
analysis.  The  non-dimensional  parameters  used  were  the 
Capillary  number,  VAR Jo,  the  parameter  PtAR/a,  and  the 
geometric  ratios,  H/AR,  h/Rf,  and  Rf /AR  and  where  V  was  the 
fiber  speed,  Pt  was  the  applicator  pressure,  R  and  Rf  were  the 
tube  and  fiber  radii,  respectively,  AR  -  R-Rf,  and  u  was  the 
surface  tension.  The  empirical  correlation  relation  obtained  was 
as  follows: 

H  VAR  b  PtAR  c  h  d  Rf  e 

—  =  A[ - ]  [ - ]  [— ]  [  — ] 

Rf  a  a  AR  AR 

Where  A  =  0.0293,  b  =  -1.203,  c  =  1.240,  d  =  0.217,  and 
e  =  -1 .935.  The  square  of  the  regression  coefficient  was  0.914. 


A  [(VAR/  a)b  (PtAR/o)c  (h/AR)d  (Rf/AR)e] 

Figure  4.  Experimental  Correlation 
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3.  Computation 

3.1.  Numerical  Modeling 

Numerical  modeling  of  the  flow  within  the  micropipette  tubes 
was  carried  out  to  study  the  effect  of  the  meniscus  shape  on  the 
overall  flow,  as  well  as  the  effect  of  pressurization  on  the 
applicator.  The  numerical  study  used  the  geometry  employed  in 
the  experiment,  the  appropriate  operating  conditions  and  the 
shape  of  the  meniscus  obtained  from  the  experiments.  The  flow 
at  the  exit  of  the  glass  tubes  was  assumed  to  be  developed. 

Simulation  of  the  meniscus  as  the  fiber  enters  the  coating 
applicator  required  a  coordinate  transformation,  which  was 
applied  to  the  axisymmetric  cylindrical  Navier-Stokes  equations. 
The  transformation  technique  followed  was  similar  to  that  used 
by  Rodi  et  al.  [17],  using  the  primitive  variable  technique  to 
solve  for  the  velocity  (u,  v),  pressure  (p)  and  involving 
contra  variant  velocity  coefficients  in  the  convective  terms.  The 
resulting  non-linear  coupled  system  of  equations  were  solved 
using  the  Successive  Over  Relaxation  (SOR)  method  for  the 
pressure  and  the  Alternating  Direction  Implicit  (ADI)  for  the 
velocity  equations.  A  finite  volume  method  similar  to  the 
SIMPLER  algorithm  developed  by  Patankar  [18]  was  employed. 
The  second  order  conservation  equations  were  approximated 
using  the  central  differencing  scheme  for  the  convective  and 
diffusion  terms. 

3.2  Numerical  Results  and  Discussion 

A  fiber  speed  of  lOm/min  is  considered  in  the  following  section. 
The  coating  material  used  was  glycerol  (p  =1250kg/m3,  ju  = 
0.832  Ns/m2),  as  employed  in  the  experiments.  The  distance  of 
the  meniscus  from  the  exit  of  the  tube  was  0.00428m,  the  fiber 
diameter  was  254pm  and  the  tube  diameter  was  800pm.  The 
fiber  was  positioned  axisymmetrically  at  the  center  of  the  tube, 
and  the  fluid  entered  and  exited  from  the  bottom  of  the  tube. 

Calculated  velocity  vector  plots  are  shown  in  Fig  5.  The  fluid 
entered  at  the  bottom  and  rose  to  the  top  curving  along  the 
meniscus,  where  it  was  then  pulled  down  along  with  the  fiber 
back  to  the  bottom  of  the  tube.  The  figure  also  shows  close-ups 
of  the  vector  plots  near  the  meniscus.  Results  for  higher  fiber 
speeds  showed  a  recirculation  region  near  the  meniscus  similar 
to  that  observed  experimentally.  The  calculated  velocity  field 
was  found  to  be  in  general  agreement  with  the  visualization  of 
the  flow  in  the  experiments. 

A  pressure  decrease  along  the  length  of  the  tube  is  required  to 
force  the  coating  fluid  inside  the  tube.  For  the  results  shown  the 
pressure  at  the  bottom  of  the  tube  was  set  at  18  kPa.  which, 
because  of  fluid  motion,  was  lower  and  not  directly  comparable 
to  the  measured  at  the  applicator  wall. 


unchanged  along  with  all  other  operating  conditions.  The 
pressures  for  four  different  distances  are  shown  in  Fig  6.  The 
pressure  difference  between  the  top  and  bottom  of  the  tube  was 
found  to  increase  almost  linearly  with  the  length  of  the  tube,  as 
illustrated  in  the  figure. 

The  fluid  entered  the  tube  at  the  bottom  and  also  exited  at  the 
bottom  along  with  the  fiber.  The  mass  flow  rate  entering  the 
tube  was  found  to  increase  linearly  as  the  length  of  the  tube  was 
decreased.  This  resulted  in  a  stronger  flow  in  the  tube  as  the 
length  of  the  tube  is  decreased.  The  calculated  temperature  rise 
due  to  viscous  dissipation  was  of  the  order  of  1  C,  which  was 
similar  to  that  observed  experimentally. 


Figure  5.  Computed  velocity  fields  for  two 
different  meniscus  shapes 


The  effect  of  pressure  on  the  meniscus  distance,  H,  from  the 
bottom  of  the  tube  was  considered  for  the  same  fiber  speed  of 
lOm/min.  For  this  calculation  the  meniscus  shape  was  kept 


H,  m 

Figure  6.  Variation  of  meniscus  distance  with 
pressure.  Fiber  speed:  10  m/min 
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4.  Conclusions 

The  effect  of  entrance  geometry  on  the  entrance  meniscus  in  a 
pressurized  fiber  coating  applicator  was  experimentally 
simulated  using  micropipettes  of  different  sizes.  Using  pure 
glycerine  as  the  test  fluid  the  amount  of  air  entrapped  decreased 
from  the  open  meniscus  to  that  of  the  pressurized  case.  The 
meniscus  shape  appeared  to  flatten  with  increasing  fiber  speed 
and  applicator  pressure.  Experimental  data  and  dimensional 
analysis  were  used  to  generate  an  empirical  correlation  for  the 
meniscus  position  within  a  micropipette  tube.  The  stability  of 
the  meniscus  required  careful  control  of  the  pressure  and  fiber 
speed.  The  calculated  flow  field  was  found  to  be  similar  to  the 
observed  flow.  The  results  so  far  show  the  basic  nature  of  the 
flow  in  the  applicator  and  indicate  means  to  curb  air  entrapment 
and  control  meniscus  stability. 

5.  Acknowledgment 

The  authors  acknowledge  the  financial  support  provided  by 
NSF,  under  grant  no  CST  96-10102,  for  this  work.  Mr.  John 
Petrowski  supported  the  construction  and  maintenance  of  the 
experimental  apparatus,  and  Mr.  Arthur  Henningsen  helped 
during  the  experimentation. 

6.  References 

1.  Blake,  T.E.,  (1993),  "Dynamic  Contact  Angles  and  Wetting 
Kinetics",  Ch.  5,  Wettability ,  Berg,  J.C.  ed.,  Marcell 
Dekker,  New  York. 

2.  Kistler,  S.F.,  and  Schweizer,  P.M.,  (1997),  “Liquid  Film 
Coating”,  Chapman  and  Hall,  London. 

3  Inverarity,  G.,  (1969),  "Dynamic  Wetting  of  Glass  Fibre 
and  Polymer  Fibre",  Br.  Polym.  J '.,  v.  1,  pp.  245-251. 

4  Ghannam,  M.,  T.,and  Esmail,  M.N.,  (1993),  "Experimental 
Study  of  the  Wetting  of  Fibers",  AIChEJ.,  v.  39,  pp.  361- 
365. 

5.  Ghannam,  M.,  T.,  and  Esmail,  M.N.,  (1997)  "Experimental 
Study  on  Wetting  of  Fibers  with  Non-Newtonian  Fluids", 
AIChEJ. v.  43,  pp  1579-1588. 

6.  Abraham,  A.,  and  Polymeropoulos,  C.E.,  (1999),  “Dynamic 
Menisci  on  Moving  Fibers”,  48th  IWCS,  Atlantic  City,  N.J. 

7.  Aloisio,  C.J.,  (1984),  “Coating  Optical  Fibers  with  Dual 
Dies  Separated  by  a  Pressurize  Chamber”,  Fiber  and 
Integrated  Optics ,  v.  5  pp.81-97. 

8.  Panoliaskos,  A.,  Hallett,  W.L.H.,  and  Garis,  I.,(1985), 
"Prediction  of  Optical  Fiber  Coating  Thickness",  App.  Opt., 
v.  24,  pp.  2309  -2312. 

9.  Abott,  J.S.,  and  Francis,  D.C.,  (1989),  “Analysis  of  the 
Optical  Fiber  Coating  Process  Using  FIDAP:  Flow,  Heat 
Transfer,  and  3D  Calculation  of  Centering  Forces”,  Proc. 
3rd  FIDAP  Users  Conf. 

10.  Rattan,  K,  and  Jaluria,  Y.,  (1999), “Simulation  of  Flow  in 
Die  and  Applicator  For  Optical  Fiber  Manufacturing”,  48th 
IWCS,  Atlantic  City,  N.J. 


11.  Simpkins,  P.,  and  Kuck,  V.,  (2000),  “Air  Entrapment  in 
Coatings  Via  Tip  Streaming  Meniscus”,  Nature ,  v.  403  pp. 
641-643. 

12.  Burley,  R.,  and  Kennedy,  B.S.,  (1976),  "An  Experimental 
Study  of  Air  Entrainment  at  a  Solid/Liquid/Gas  Interface", 
Ch.  Eng.  Sc .,  v.  31,  pp.  901-911. 

13.  Burley,  E.,  and  Jolly,  R.P.S.,  (1984),  "  Entrainment  of  Air 
into  Liquids  by  a  High  Speed  Continuous  Solid  Surface", 
Ch.  Eng.  Sc.,  V  39,  pp.  1357-1372. 

14.  Gutoff,  E.B.,  and  Kendrick,  C.E.,  (1982),  "Dynamic 
Contact  Angles",  AIChEJ .,  v.  28  pp.  459-466. 

15.  Dussan,  E.  B.,  Rame,  E.,  and  Garoff,  S.,  (1991),  "On 
Identifying  the  Appropriate  Boundary  Conditions  at  a 
Moving  Contact  Line:  an  Experimental  Investigation",  J. 
Fluid  Mech.,  v.  230,  pp.  97-1 16. 

16.  Marsh,  J.A.,  and  Garoff,  S.,  (1993),  "Dynamic  Contact 
Angles  and  Hydrodynamcs  near  a  Moving  Contact  Line", 
Phys.  Rev.  Let.,  v.  70,  pp.  2778-2781. 

17.  Rodi,  W.  ,  Majumdar,  S.,  and  Schonung,  B.  (1989),  "Finite 
Volume  Methods  for  Two-Dimensional  Incomressible 
Flows  with  Complex  Boundaries.",  Computer  Methods  in 
Applied  Mechanics  and  Engineering,  vol.  75,  pp.  36-392. 

18.  Patankar,  S.V.,  (1980)  "  Numerical  Heat  Transfer  and  Fluid 
Flow  ",  Hemisphere,  Washington,  D.C. 


C.E.  Polymeropoulos 

Department  of  Mechanical  and  Aerospace  Engineering 
Rutgers  University 

97  Brett  Road,  Piscataway,  NJ  08854-8058 

Dr.  Polymeropoulos  is  a  Professor  of  Mechanical  Engineering  at 
Rutgers  and  has  been  teaching  and  doing  research  in  the  general 
area  of  thermal  processes. 

r 

p. 

I 


International  Wire  &  Cable  Symposium 


478 


Proceedings  of  the  49th 


Effect  of  Furnace  Design  on  High  Speed  Optical  Fiber  Drawing 

Xu  Cheng  and  Yogesh  Jaluria 

Dept,  of  Mechanical  and  Aerospace  Engineering 
Rutgers,  The  State  University  of  New  Jersey 
New  Brunswick,  NJ  08903 
+1-732-445-3652  ■  jaluria@jove.rutgers.edu 


Abstract 

The  drawing  speeds  employed  in  the  manufacturing  of  optical  fibers 
have  been  increasing  in  recent  years  due  to  growing  worldwide 
demand.  This  places  stringent  demands  on  the  manufacturing 
process,  mainly  because  of  large  temperature  gradients  that  can 
generate  thermally  induced  defects  and  variations  in  fiber 
characteristics.  Glass  flow  in  drawing  fibers  of  125  pm  diameter 
from  cylindrical  silica  preforms  of  diameters  ranging  from  10  to  20 
cm  plays  a  critical  role  in  the  feasibility  of  the  process  and  in  the 
maintenance  of  fiber  quality.  This  paper  presents  an  analytical  and 
numerical  study  of  the  optical  fiber  drawing  process  for  such  large 
diameter  preforms  and  draw  speeds  as  high  as  25  m/s.  The  neck- 
down  profile  is  determined  by  using  a  balance  of  forces  acting  at  the 
surface.  The  transport  in  the  glass  is  calculated  to  obtain  the 
temperature,  velocity,  tension  and  defect  distributions.  Because  of 
the  large  reduction  ratio  in  the  diameter,  a  coordinate  transformation 
is  used  to  convert  the  complex  domains  to  cylindrical  ones.  The 
numerical  results  are  validated  by  comparisons  with  experimental 
and  numerical  results  in  the  literature  for  lower  draw  speeds.  The 
focus  of  the  study  is  on  the  furnace  dimensions,  particular  its  length, 
and  on  the  wall  temperature  distribution.  The  effects  on  the  defects 
generated  in  the  fiber,  on  the  neck-down  profile,  and  on  the  feasible 
domain  for  the  process  are  determined. 

Keywords 

Optical  fiber;  draw  furnace;  fiber  drawing;  draw  process  simulation. 

1.  Introduction 

One  of  the  widely  used  methods  to  draw  optical  fibers  involves 
continuously  feeding  a  silica  glass  preform  into  a  cylindrical  heating 
furnace,  heating  the  glass  above  its  softening  point  of  around 
1900  K,  and  pulling  it  into  a  fiber  of  diameter  around  125  pm[l],  As 
the  preform  proceeds  through  the  heating  zone,  it  narrows  down 
sharply  and  yields  the  "neckdown"  region.  The  neckdown  profile 
strongly  depends  on  the  fiber  drawing  conditions  and  significantly 
impacts  the  diameter  uniformity[2],  strength,  and  transmission 
loss[3]  of  optical  fibers. 

The  drawing  speeds  employed  in  the  manufacturing  of  optical  fibers 
have  been  increasing  in  recent  years  due  to  the  increase  in  demand. 
Economical  fabrication  of  optical  fibers  requires  large  preforms 
drawn  into  fiber  at  very  high  speed.  However,  the  high  drawing 
speed  requires  advances  in  furnace  design  to  meet  the  required 
specifications  and  to  ensure  the  correct  draw  tension[4][5].  An 


optimal  design  of  the  draw  furnace  is  becoming  an  urgent  and 
highly  challenging  task  to  achieve  high-volume  production  of 
optical  fibers. 

The  furnace  dimensions  have  to  be  increased  as  larger  diameter 
preforms  are  being  employed[4][6].  In  addition,  a  strong  connection 
exists  between  the  heating  furnace  design  and  the  fiber  quality. 
Draw-induced  defects  are  determined  by  the  history  of  the  thermal 
process  undergone  by  the  silica  glass  and  are  thus  affected  by  the 
preform/fiber  size,  draw  speed,  configuration  of  draw  furnace  and 
temperature  distribution  [7].  To  satisfy  the  continuous  fiber  drawing 
operation,  draw  tension  ought  to  be  kept  under  specified 
limi*  ;[8][6].  However,  draw  tension  is  very  sensitive  to  the  thermal 
as  \  'ell  as  geometric  configuration  of  the  heating  fumace[6].  Since 
minimizing  the  furnace  temperature  is  desirable  to  increase  its 
lifespan[4],  an  extension  of  the  heat  zone  length  is  usually  an 
efficient  and  inevitable  approach.  An  attempt  to  optimize  the 
furnace  geometry  was  implemented  in  [9]  by  considering  the  power 
supply  efficiency  of  the  draw  furnace. 

This  paper  presents  an  analytical  and  numerical  study  of  the  optical 
fiber  drawing  process  in  a  cylindrical  furnace.  A  resistance  graphite 
furnace,  configured  with  low-speed  aiding  argon  flow,  is  chosen. 
The  inert  gas  flow  introduced  into  the  furnace  cavity  keeps  the 
graphite  heating  element  from  oxidation.  A  conjugate  problem  with 
a  free  surface  of  glass  is  considered.  A  complex  thermal  analysis, 
involving  conduction,  convection  and  radiation  heat  transfer,  is 
necessary  to  analyze  and  design  draw  furnaces  which  can  produce 
low-signal-loss  and  high-strength  fibers  at  high  draw  speeds.  The 
transport  in  the  two  regions  is  solved  to  obtain  the  temperature, 
velocity,  tension  and  defect  distribution  in  the  glass.  The  zonal 
method  is  used  to  model  the  radiative  heat  transfer  in  the  glass[!0]. 
The  neckdown  profile  of  the  preform  is  iteratively  determined  by  a 
force  balance. 

The  effect  of  the  length  and  heating  conditions  on  the  neck-down 
profile,  on  the  temperature  and  velocity  distribution,  on  the  defects 
generated,  and  on  the  draw  tension  in  the  fiber  during  the  drawing 
process  are  determined.  A  feasible  domain  is  obtained.  Interest  also 
lies  in  the  determination  of  an  optimal  length  or  wall  temperature 
that  minimizes  the  defects,  while  keeping  the  productivity  high.  The 
diameters  of  the  preform  and  the  fiber  are  kept  fixed  at  5  cm  and  125 
pm,  respectively.  The  numerical  results  are  validated  by 
comparisons  with  experimental  and  numerical  results  in  the 
literature  for  smaller  draw  speeds[l  1][12][13][14]. 
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2.  Analysis 

The  transport  phenomena  in  a  cylindrical  graphite  furnace  are 
investigated  for  high-speed  optical  fiber  drawing.  A  conjugate 
problem  involving  the  glass  and  the  purge  gases  is  considered. 
Laminar  flow  is  assumed  due  to  the  high- viscosity  and  low-velocity, 
respectively,  in  the  glass  and  in  the  gas  flow.  The  transport  in  the 
two  regions  is  coupled  through  the  boundary  conditions  at  the  free 
surface.  Conduction,  convection  and  radiation  are  coupled  in  the 
heat  transfer  analysis. 

The  governing  equations  for  axisymmetric  conditions,  developed  in 
cylindrical  coordinates  for  both  the  glass  and  the  purge  gas,  are 
given  in  [14].  The  viscous  dissipation  and  the  radiative  source  terms 
are  only  kept  for  the  glass  due  to  their  importance.  For  the 
convenient  implementation  of  the  finite  difference  method,  the  free- 
surface  domains  for  the  glass  and  purge  gas  are  transformed  into 
cylindrical  ones[13].  The  boundary  conditions  for  a  free  surface, 
arising  from  a  force  balance,  are  employed  here  at  the  interface 
between  the  glass  and  the  purge  gas.  A  more  detailed  discussion 
about  the  governing  equations  and  the  boundary  conditions  can  be 
found  in  [13]  and  [14]. 

Point  defects  generated  at  high  temperature  during  the  fiber  drawing 
process  will  cause  transmission  loss  and  mechanical  strength 
degration  in  the  fiber[7].  One  of  the  most  important  point  defects,  E’ 
defect,  is  found  to  be  drawing-induced,  depending  on  the  draw 
temperature,  draw  speed  and  fiber  diameter[7].  Basically,  E’  defects 
in  silica  glass  are  generated  from  the  breaking  of  Si-0  bond  of  a 
potential  precursor.  However,  the  Si-O  bond  can  be  formed  again 
due  to  recombination.  Therefore,  the  concentration  of  E’  defects  is 
the  net  effect  of  generation  and  recombination.  Hanafusa  et  al,[7] 
formulated  E’  defect  behavior  during  the  fiber  drawing  process 
based  on  the  theory  of  the  thermodynamics  of  lattice  vacancies  in 
crystal.  In  this  study,  Hanafusa’s  equation  is  applied  to  a  mass  point 
moving  along  the  streamline  in  order  to  compute  the  E’  defect 
concentration.  This  equation  is: 

dn  E  E  F 

u~ ~  =  n/)OvexP(-"r~) _ «</v[exp(  -4:)  +  exp(— -^-)]  (1) 

dz  kT  kT  kT 

Where,  nd  and  npo  represent  the  concentrations  of  E’  defects  and 
initial  precursors  respectively,  while  Ed  and  Ep  are  corresponding 
activation  energy  of  these.  All  values  needed  are  taken  from  [7].  For 
pure  silica,  the  initial  concentration  of  E’  defect  is  assumed  to  be 
zero. 

Draw  tension  is  determined  by  considering  the  contribution  of  the 
viscous  force,  surface  tension,  inertia  force  and  gravity,  resulting  in 
the  equation: 

FT  =  3/rpR2 +  nR2qH  +np\  R2u^-dz  - npg  \L R2dz  (2) 
dz  dz 

The  finite  difference  method  based  on  the  Alternating  Direction 
Implicit  (ADI)  algorithm  is  employed.  Two  non-uniform 
discretization  schemes,  a  finer  one  for  the  transport  equations  and  a 
coarser  one  for  the  radiation  analysis,  are  adopted  to  capture  the 
dramatic  changes  in  the  physical  variables,  particularly  viscosity. 


The  radiation  transfer  is  a  volume  phenomenon  in  the  semi¬ 
transparent  glass  and  a  very  time-consuming  method,  the  zonal 
model  [10],  is  used  to  accurately  compute  the  radiative  source  term. 
Numerical  experiments  are  necessary  to  obtain  the  optimum 
discretization  schemes.  Successive  Under-Relaxation  (SUR)  is 
needed  to  resolve  the  strong  non-linearity  caused  by  the  temperature 
and  vorticity  changes. 

3.  Results  and  Discussion 

The  effect  of  draw  furnace  dimensions  is  first  investigated.  The  heat 
zone  length  is  varied  from  25  to  50  cm,  while  the  furnace  diameter 
is  kept  as  7  cm.  A  parabolic  temperature  profile  with  maximum  of 
2500  K  in  the  middle  and  minimum  of  2000  K  at  the  two  ends  is 
prescribed  at  the  furnace  wall.  The  dimensionless  temperature 
profile  is  kept  exactly  same  for  all  the  furnace  lengths.  Two  draw 
speeds,  15  m/s  to  25  m/s,  are  considered.  Constant  properties  are 
assumed  for  the  aiding  Argon  flow  moving  at  0.1  m/s.  Both  the 
preform  and  the  purge  gas  enter  the  furnace  at  300  K. 

Figure  1  shows  the  neckdown  profiles  corresponding  to  different 
furnace  lengths.  It  is  seen  that  the  furnace  length  affects  the  starting 
point  of  the  neckdown  section  and  its  shape.  A  longer  heating  zone 
starts  the  deformation  of  the  glass  rod  much  later  due  to  relatively 
lower  temperature  upstream.  The  profile  also  varies  more  gradually 
according  to  the  milder  change  in  heat  flux.  A  high  draw  speed  can 
delay  the  process  of  preform  deformation  as  well.  A  longer  heating 
distance  is  needed  at  higher  draw  speeds  for  the  process  to  be 
feasible. 

The  temperature  lag  between  the  surface  and  centerline  temperature, 
defined  as  T]ag=(Ts-Tc)/Tc,  describes  the  thermal  response  process  in 
the  glass.  Figure  2  shows  the  variation  of  maximum  lag  in  the 
drawing  process.  It  is  seen  that  the  heating  zone  length  affects  the 
lag  level  only  slightly.  However,  the  influence  of  draw  speed  is 
significant.  The  temperature  difference  between  the  surface  and 
centerline  temperature  increases  about  30%  when  the  draw  speed 
goes  up  from  15  m/s  to  25  m/s.  This  result  suggests  that  the 
residence  time  of  the  glass  rod  inside  the  heating  furnace  is  the 
dominating  factor  to  control  the  radial  temperature  difference,  since 
a  longer  residence  time  causes  the  preform  to  be  more  uniformly 
heated. 

The  radial  non-uniformity  in  the  temperature  in  the  perform 
noticeably  affects  the  velocity  field,  because  glass  viscosity  is  an 
exponential  function  of  the  temperature.  This  can  cause  the 
redistribution  of  the  material  dopants  and  impurities,  and  therefore 
impact  the  fiber  quality [7].  Similarly,  the  axial  velocity  lag  between 
the  centerline  and  the  surface  in  the  neck-down  region  is  defined  as 
viag=(vs-vc)/vc  and  the  variation  of  the  maximum  lag  is  shown  in 
Figure  3.  Clearly,  the  velocity  lag  is  very  sensitive  to  the  furnace 
dimensions.  The  lag  decreases  significantly  with  an  increase  in  the 
furnace  length.  The  lag  difference  at  two  draw  speeds  is  obvious 
only  for  shorter  furnaces.  However,  it  diminishes  as  long  as  the 
heating  zone  is  above  40  cm. 
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Figure  4  shows  the  fiber’s  average  concentration  of  E’  defects  at  the 
furnace  exit.  The  defect  concentration  monotonically  increases  with 
an  increase  in  the  heating  zone  length  and  with  an  decrease  of  the 
draw  speed,  it  is  because  a  longer  residence  time  of  fibers  inside  the 
heating  furnace  will  cause  more  frequent  occurrences  of  Si-0  bond 
breaking  in  the  precursors. 

The  draw  tension  is  of  particular  interest  in  fiber  drawing,  because  a 
high  tension  affects  optical  and  mechanical  properties  of  the  fiber  in 
terms  of  index  of  refraction,  residual  stresses,  and  transmission 
losses,  ultimately  influencing  the  fiber  strength  and  optical  quality. 
A  draw  tension  kept  under  a  certain  threshold  is  also  critical  to 
achieving  continuous  pulling  of  optical  fibers  without  breakage!  15]. 
Figure  5  shows  the  dependence  of  draw  tension  on  the  furnace 
length  and  draw  speed.  It  is  found  that  the  draw  tension  decreases 
dramatically  with  an  increase  in  the  furnace  length  for  a  given 
temperature  profile.  The  reason  is  that  a  longer  heating  zone  gives 
rise  to  relatively  smaller  rate  of  change  of  radius  with  distance  and 
the  viscosity  also  changes  more  gradually.  Therefore,  the  draw 
tension  is  reduced.  This  result  also  indicates  that  a  moderate  furnace 
length  is  desirable  to  achieve  low  fiber  tension  particularly  for  high¬ 
speed  fiber  drawing.  From  the  figure,  it  is  found  that  a  high  draw 
speed  can  cause  a  high  draw  tension.  In  general,  draw  tension  varies 
linearly  with  the  draw  speed!  1] [4] [1 1]. 

For  a  given  temperature  profile,  furnace  length  and  draw  speed  can 
be  considered  to  determine  a  feasible  domain  of  fiber  drawing. 
Figure  6  shows  the  maximum  draw  speeds  possible  for  various  heat 
zone  geometries.  In  practice,  the  fiber  drawing  may  never  reach  the 
boundaries  due  to  the  unacceptable  draw  tension. 

The  dependence  of  the  preform/fiber  characteristics  on  the  draw 
temperature  are  investigated  for  a  typical  draw  speed  of  15  m/s.  A 
fixed  furnace  length  of  30  cm  is  employed.  The  imposed 
temperature  profile  is  still  parabolic  while  only  the  maximum 
temperatures  at  the  mid-point  of  the  furnace  are  changed,  ranging 
from  2200  K  to  3000  K. 

As  expected,  the  sensitivity  of  most  physical  variables  to  the  draw 
temperature  variation  is  very  strong.  Figure  7  shows  the  neckdown 
profiles  for  different  draw  temperatures.  Increasing  draw 
temperature  causes  the  neck-down  deformation  much  earlier  and 
more  sharply.  It  is  because  the  preform  is  heated  up  to  the  softening 
point  faster  at  a  higher  temperature. 

The  maximum  temperature  and  velocity  lag  in  the  glass  are  shown 
in  Fig.  8  and  Fig.  9.  It  is  seen  that  the  temperature  lag  slightly 
decreases  when  the  draw  temperature  increases.  Simultaneously,  the 
velocity  lag  varies  parabolically  with  the  draw  temperature.  The  lag 
levels  are  all  above  30%  at  two  extreme  draw  temperatures,  i.e.  2200 
K  and  3000  K  respectively.  However,  the  reasons  for  this  are  a  little 
different.  The  former  temperature  almost  reaches  the  lower 
temperature  boundary  of  the  feasible  drawing  domain  for  the  given 
furnace,  and,  therefore,  a  weak  heat  input  at  the  glass  surface 
extends  the  thermal  response  at  the  center.  On  the  contrary,  the 
temperature  as  high  as  3000  K  causes  a  rapid  change  of  velocity  at 


the  glass  surface  by  applying  a  very  intense  heat  flux  on  it.  However, 
the  effect  can  not  propagate  to  the  center  immediately  due  to  thermal 
inertia. 

Figure  10  shows  the  generation  of  the  E’  defect  in  the  fiber.  E’ 
defects  in  the  fiber  are  very  sensitive  to  the  drawing  temperature  and 
its  average  concentration  at  the  furnace  exit  increases  by  almost  two 
orders  in  magnitude  when  the  draw  temperature  goes  up  from 
2200  K  to  3000  K.  This  result  suggests  that  minimizing  the  drawing 
temperature  is  not  only  desired  for  increasing  the  lifespan  of  draw 
furnace,  but  also  for  decreasing  the  point  defects  in  the  optical  fiber 
to  an  acceptable  level.  The  variation  of  draw  tension  with  the  draw 
temperature  is  shown  in  Fig.  11.  Due  to  the  exponential  dependence 
of  the  glass  viscosity  on  the  temperature,  the  draw  tension  decreases 
dramatically  with  the  increase  of  the  furnace  temperature.  Thus, 
increasing  the  draw  temperature  becomes  important  for  tension 
control.  Obviously,  the  optimum  design  of  draw  furnace  is  possible 
by  considering  a  trade-off  of  these  characteristics. 

4.  Conclusions 

This  paper  presents  an  analytical  and  numerical  study  of  the  high- 
speed  optical  fiber  drawing  process  within  a  cylindrical  furnace 
cavity.  The  effects  of  geometric  and  thermal  design  of  the  draw 
furnace  on  various  physical  variables  are  investigated.  A  conjugate 
problem,  involving  the  glass  and  the  purge  gas,  is  solved  with  the 
finite  difference  method.  The  zonal  model  is  used  for  the  radiation 
analysis  in  the  glass. 

The  results  show  that  most  physical  variables  characterizing  the 
quality  of  drawing  fibers  strongly  depend  on  the  dimensions  and  the 
draw  temperature  of  the  heating  furnace.  Generally,  the  heating 
length  dominates  the  neckdown,  velocity  lag,  point-defect 
concentration  and  draw  tension.  Defects  increase  and  draw  tension 
decreases  for  a  given  temperature  profile  when  the  heating  furnace 
gets  longer.  The  draw  temperature  also  significantly  affects  these 
variables.  The  temperature  lag  demonstrates  a  parabolic  relationship 
with  the  draw  speed.  A  high  temperature  causes  a  low  level  of  draw 
tension,  but  a  dramatic  jump  in  defect  concentration.  Among  these 
variables,  the  temperature  lag  is  not  very  sensitive  to  the  change  in 
furnace  design.  All  these  observations  suggest  that  optimal  design  of 
draw  furnace  for  high-speed  fiber  drawing  can  be  achieved  by 
constructing  an  objective  function  from  the  velocity  lag,  defect 
concentration  and  draw  tension. 
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Figure  1.  Neckdown  shapes  for  different  draw 
speeds. 


Figure  2.  Maximum  temperature  lag  between  glass 
surface  and  centerline. 


Figure  3.  Maximum  velocity  lag  between  glass 
surface  and  centerline. 
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furnace  length  (m) 


Figure  4.  Average  concentration  of  E’  defects  at 
the  furnace  exit. 


furnace  length  (m) 


Figure  5.  Dependence  of  draw  tension  on  furnace 
length. 
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Figure  6.  Feasible  domain  of  draw  speed. 


z  (m) 


Figure  7.  Dependence  of  neckdown  shape  on 
furnace  wall  temperature. 


drawing  temperature  (K) 

Figure  8.  Dependence  of  maximum  temperature 
lag  on  furnace  wall  temperature. 


drawing  temperature  (K) 

Figure  9.  Dependence  of  maximum  velocity  lag  on 
furnace  wall  temperature. 


drawing  temperature  (K) 

Figure  10.  Dependence  of  average  concentration 
of  E’  defect  on  furnace  wall  temperature. 


drawing  temperature  (K) 

Figurell.  Dependence  of  draw  tension  on  furnace 
wal!  temperature. 
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Abstract 

We  developed  a  new  type  of  aerial  distribution  optical  fiber  cable, 
which  is  small  in  size  and  light  in  weight.  The  new  cable  offers 
various  advantages:  only  a  single  process  in  manufacturing 
process  because  of  the  simple  structure;  easy  mid-span  branching 
with  ordinary  tools;  and  easy  handling  of  the  fiber  ribbons 
because  of  the  absence  of  jelly  around  the  fiber  ribbons. 

Successful  test  results  were  obtained  for  the  new  cables  regarding 
transmission  loss,  temperature  and  mechanical  characteristics, 
mid-span  branching,  and  long-term  reliability.  We  confirmed 
from  these  results  that  the  new  cable  is  suitable  for  aerial 
distribution  cable. 

Keywords 

Fiber;  cable. 

1.  Introduction 

Expansion  of  the  use  of  optical  fiber  cables  for  access  networks 
requires  an  optical  fiber  cable  that  is  small  in  size,  light  in  weight, 
and  easy  to  handle  [1].  The  conventional  types  of  optical  fiber 
cables  for  access  networks  typically  include  single  tube  cables  and 
loose  tube  cables;  these,  however,  have  the  disadvantage  of 
difficult  handling  of  the  ribbons  because  of  the  use  of  jelly. 


An  aerial  distribution  optical  fiber  cable  with  the  SZ-slotted  rod, 
shown  in  figure  1,  was  developed  and  put  in  use  in  Japan  [2]  [3]. 
The  slotted  rod  with  three  grooves  is  used  in  low-fiber-count  cable 
of  up  to  24  fibers,  and  that  with  five  grooves  is  used  in 
high-fiber-count  cable  of  more  than  24  fibers.  In  order  to  expand 
the  use  of  optical  fiber  cables  for  access  networks,  it  is 
increasingly  necessary  to  miniaturize  cables  for  a  low-fiber-count 
range  of  up  to  40  fibers.  We  therefore  developed  a  new  type  of 


aerial  optical  fiber  cable  in  the  low-fiber-count  range  (four  to 
forty). 

2.  Requirements  for  the  aerial  distribution 
cables 

2.1  Cable  structure  using  fiber  ribbons 

The  cable  structure  should  be  composed  of  fiber  ribbons,  which 
reduce  the  jointing  time  for  feeder  cables  or  other  distribution 
cables  and  make  jointing  easy. 

2.2  Long-term  reliability  in  aerial  installation 
environment 

The  aerial  cables  are  installed  between  poles.  The  suspension 
member  of  such  a  cable  becomes  elongated  because  of  suspending 
tension,  thermal  expansion,  and  wind  pressures.  The  fibers  of  the 
aerial  distribution  cables  must  not  suffer  influence  of  the 
elongation  of  the  suspension  member. 

2.3  Mid-span  access 

The  distribution  cables  need  to  branch  in  mid-span  of  the  cables, 
in  order  to  drop  to  customers.  The  structure  must  therefore 
provide  easy  access  to  the  fiber  ribbons  at  any  position  along  the 
cable. 

2.4  Economical  structure 

Expansion  of  the  use  of  optical  fiber  cables  for  access  networks 
requires  the  economical  construction  of  access  networks.  The 
cable  should  be  small  in  size  and  light  in  weight  so  that  the 
installation  time  can  be  reduced,  and  that  should  has  simple 
structure  so  that  the  cable  can  be  manufactured  by  only  a  single 
process. 

3.  Cable  design 

We  designed  the  new  cable  structure  that  satisfies  the 
requirements  for  aerial  distribution  cables  described  above. 

3.1  Self-supporting  structure  with  excess  cable 
length 

We  selected  a  self-supporting  structure  with  excess  cable  length, 
so  the  cable  core  is  longer  than  the  suspension  member,  in  order  to 
prevent  elongation  of  the  fibers  when  the  suspension  member  is 
elongated  as  a  result  of  suspension  tension,  thermal  expansion, 
and  winds.  Two  strength  members  are  provided  to  reinforce  the 
cable. 
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3.2  Optimum  of  cable  size 

We  designed  two  types  of  the  cables  that  consisted  of  a  stack  of 
optical  fiber  ribbons  and  two  strength  members;  one  has  a  cable 
core  in  which  the  stack  of  ribbons  cannot  rotate  (Type  1),  and  the 
other  has  a  cable  core  in  which  the  stack  of  ribbons  can  rotate 
(Type  2).  The  cross  section  of  the  stack  of  ribbons  is  expressed  as 
follows. 


S1  =  W*H  (l) 

S2  =  n(w2  +  H2)/  4  (2) 

W  =  0.25  *n  +  0.1  (3) 

H  =  03  x  N  (4) 


SI :  Cross  section  of  stack  of  optical  fiber  ribbons  (Type  1) 

S2:  Cross  section  of  stack  of  optical  fiber  ribbons  (Type  2) 
n:  Number  of  fibers  in  a  fiber  ribbon 
N:  Number  of  stacks  of  fiber  ribbons 
The  calculated  results  of  the  cross  section  of  a  stack  in  the 
fiber-count  range  up  to  40  fibers  are  shown  in  figure  2.  The  type  1 
design  provides  such  a  small  stack  occupation  area  over  the  whole 
range  that  the  cable  clearly  can  be  miniaturized.  On  the  other  hand, 
the  curves  demonstrate  that  a  4-fiber  ribbon  type  can  be  used  to 
miniaturize  a  cable  in  the  fiber-count  range  up  to  28  fibers,  and  an 
8 -fiber  ribbon  type  can  be  used  to  miniaturize  in  the  fiber  count 
range  over  28  fibers  in  the  type  2  design. 


-Typel  with  4- 
fiber  ribbons 

-Typel  with  8- 
fiber  ribbons 

~Type2  with  4- 
fiber  ribbons 

-  Type2  with  8- 
fiber  ribbons 


16  24  32 

Fiber  count 


40 


48 


Figure  2.  Cross  section  of  ribbon  stack 


3.3  Fiber  strain  and  transmission  loss  increase  at 
cable  bend 

In  type  1  cable,  the  fiber  strain  of  outer  layer  of  the  ribbon  stack 
when  the  cable  is  bent  is  expressed  as  follows. 


e  = 


0.3  x 


N -2 
2 


+  0.15 


/R 


R:  Radius  of  the  cable  bend 


(5) 


The  strain  of  fibers  when  the  cable  is  bent  with  a  radius  of  150 
mm  is  shown  in  figure  3.  When  the  number  of  layers  of  fiber 


ribbons  increases,  the  fiber  strain  increases  and  so  the  rotation 
force  of  ribbon  stack,  to  release  the  fiber  strain,  increases.  The 
buffer  layer  cannot  bind  the  stack,  and  the  fibers  are  bent.  The 
trial  cable  with  4-fiber  ribbons  was  bent  with  a  radius  of  150  mm 
over  a  temperature  range  of  -30  to  +70°C,  and  the  transmission 
loss  change  was  investigated.  Results  are  shown  in  figure  3.  An 
increase  in  transmission  loss,  caused  by  the  fiber  bending,  was 
seen  in  cables  having  more  than  five  layers  of  fiber  ribbons. 

The  type  1  structure  can  best  be  used  for  miniaturization  and  is 
most  suitable  for  practical  use  in  the  fiber-count  range  up  to  16 
fibers;  in  the  fiber  count  range  over  16  fibers,  it  found  that  the 
type  2  structure  is  more  suitable. 


Fiber  ribbon  count 

Figure  3.  Fiber  strain  (Typel) 

4.  Cable  structure 

We  manufactured  the  two  types  of  cables  as  follows,  based  on  the 
cable  design  described  above. 

4.1  Type  1  cable  design 

A  cross-sectional  view  of  the  type  1  cable  is  shown  in  figure  4. 
The  4-fiber  ribbons  are  stacked  and  ribbon  stack,  buffer  layer,  and 
two  strength  members  are  jacketed  with  polyethylene.  The  cable 
core  is  intermittently  connected  to  the  suspension  member  with 
excess  cable  length. 


Cable  height:  11.0mm,  Cable  weight:  O.IOkg/m 
Figure  4.  Type  1  cable  design 
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4.2  Type  2  cable  design 

A  cross-sectional  view  of  the  type  2  cable  is  shown  in  figure  5. 
The  4-fiber  ribbons  are  stacked  and  ribbon  stack,  buffer  layer,  and 
two  strength  members  are  jacketed  with  polyethylene.  The  cable 
core  is  intermittently  connected  to  the  suspension  member  with 
excess  cable  length. 


Cable  height:  17.0mm,  Cable  weight:  0.15kg/m 
Figure  5.  Type  2  cable  design 

5.  Cable  performance 

Results  of  an  evaluation  of  the  two  types  of  cables  are 
summarized  below. 

5.1  Transmission  loss  in  manufacturing  process 

The  transmission  loss  characteristic  of  the  trial  cable  is  shown  in 
figure  6.  No  significant  loss  change  was  observed  in  the 
manufacturing  process. 


Figure  6.  Transmission  loss  change  in 
manufacturing  process  (@1.55pm) 


5.2  Temperature  characteristics 

Transmission  loss  changes  were  investigated  over  a  temperature 
range  from  -30  through  +70°C.  Results  are  given  in  figure  7.  No 
significant  loss  change  was  observed  over  this  range. 
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Figure  7.  Transmission  loss  change  in 
temperature  cycling  (@1.55pm) 

5.3  Tensile  characteristics 

Fiber  strain  was  investigated  when  an  elongation  strain  equal  to 
0.35  percent  was  applied  to  the  suspension  member  of  the  trial 
cable.  The  results  are  shown  in  figure  8.  No  increase  in  fiber  strain 
was  observed  up  to  an  elongation  strain  of  0.3  percent.  This 
confirmed  the  trial  cable  has  sufficient  excess  length  for  more 
than  0.3  percent  elongation  of  the  suspension  member 


Strain  of  suspension  member  (%) 

Figure  8.  Tensile  test 

5.4  Other  mechanical  characteristics 

The  results  of  the  mechanical  tests  are  summarized  in  table  1 .  Each 
trial  cable  was  evaluated  for  bending,  lateral  pressure,  squeezing, 
twisting,  and  impact.  These  tests  all  yielded  satisfactory  results. 
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Table  1.  Results  of  mechanical  test  (@1.55jjm) 


Item 

Condition 

Result 

Bending 

6D 

<  0.01  dB 

Lateral 

pressure 

1960  N/ 
100  mm 

<  0.01  dB 

Squeezing 

R  =  250  mm 
1960  N 

<  0.01  dB 

Twist 

±360°/m 

<  0.01  dB 

Impact 

1  kg  x  1  m 

<  0.01  dB 

5.5  Mid-span  access 

The  transmission  loss  change  was  investigated  when  the  sheath 
was  removed  at  a  length  of  500  mm  and  the  ribbons  are  picked  up, 
and  the  excess  length  of  the  fiber  ribbons  was  measured  after  the 
operation.  Results  are  shown  in  table  2.  No  significant  loss  change 
was  observed,  and  sufficient  excess  length  of  the  fiber  was 
measured. 


Table  2.  Results  of  mid-span  access 


Type 

Transmission 
loss  chanae 

Excess  fiber 
lenath 

Type  1 

<0.01  dB 

>  40  mm 

Type  2 

<0.01  dB 

>  40  mm 

5.6  Vibration  test 

The  trial  cable  was  installed  between  poles  with  a  span  of  35  meters, 
and  a  million  repetitions  of  250-mm-amplitude  vibration  was 
imposed.  The  general  view  of  this  test  is  shown  in  figure  9.  The 
transmission  loss  change  in  this  test  is  shown  in  figure  10.  There 
was  almost  no  significant  change  in  loss,  and  movement  of  the  fiber. 

Pole 


Vibrations  (Thousand  cycles) 

Figure  10.  Transmission  loss  change  under 
vibration  (@1.55pm) 

5.7  Installation  test 

The  trial  cables  were  installed  between  poles,  and  long-term 
transmission  loss  change  was  investigated.  Results  are  given  in 
figure  11.  There  was  almost  no  significant  change  in  loss,  and 
movement  of  the  fiber. 


Figure  11.  Transmission  loss  change  while 
Installed  (@1.55pm) 


6.  Conclusions 

We  developed  new  types  of  optical  fiber  cables.  The  advantages 

of  this  cable  are  summarized  as  follows: 

•  Only  a  single  process  in  manufacturing  process  is  need 
because  the  simple  structure. 

•  It  is  small  in  size  and  light  in  weight,  so  economical 
construction  of  access  networks  is  possible. 

•  It  is  easy  to  handle  the  fiber  ribbons  because  of  the  absence 
of  jelly  around  the  fiber  ribbons. 

•  The  successful  results  obtained  in  evaluation  testing  for 
various  characteristics 

We  hope  that  the  use  of  optical  fiber  cables  for  access  networks 

expands  with  this  new  cable. 
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Abstract 

In  order  to  construct  the  optical  access  networks  economically, 
new  downsized  aerial  cables  have  been  developed.  We  have 
successfully  achieved  small  and  lightweight  self-supporting  aerial 
cables  with  high  advantage  of  easy  mid-span  access  operation. 

The  SZ-slotted  core  structure  was  redesigned  in  order  to  reduce 
diameter  and  weight  compared  with  ordinary  slotted  core  cable, 
on  the  basis  of  improvement  of  manufacturing  technology  and 
design  concept.  Moreover,  new  cable  core  structure  without 
slotted  has  been  developed  for  low  fiber  count  cable.  We 
confirmed  that  this  structure  was  better  than  SZ-slotted  core  with 
respect  to  small  diameter,  lightweight,  and  low  cabling  cost. 
Based  on  these  designs,  the  aerodynamic  drags  of  the  cable 
decrease,  so  that  the  size  of  stranded  steel  messenger  are  reduced. 
Therefore,  the  small  and  lightweight  self-supporting  aerial  cables 
are  designed. 

The  newly  designed  self-supporting  aerial  cables  provide  mid¬ 
span  access  operation  as  easy  as  that  of  ordinary  self-supporting 
cable. 

These  aerial  optical  cables  are  expected  to  be  suitable  for 
construction  of  the  FTTH  networks  in  the  future. 

Keywords 

Self-supporting  aerial  optical  cable;  mid-span  access;  SZ-slotted 
rod;  new  structure  without  slotted  core 

1.  Introduction 

In  recent  years,  the  optical  access  networks  are  under  construction 
to  achieve  the  Fiber  To  The  Home  (FTTH)  networks  in  the  future. 
In  Japan,  the  aerial  cable  networks  are  general.  Therefore,  the  self- 
supporting  cable  is  the  suitable  structure  from  the  viewpoint  of  the 
easy  installation. 

In  the  access  networks,  the  cables  should  be  designed  in 
consideration  of  easy  mid-span  access  operation.  Ease  of  mid¬ 
span  access  is  considered  to  be  one  of  the  key  technologies  in  the 
FTTH  applications.  The  SZ-stranded  structure  is  suitable  for  mid¬ 


span  access,  because  any  optical  fiber  can  be  picked  out  from  the 
installed  cable  at  any  point  for  distributed  subscribers.  The  self- 
supporting  aerial  SZ-slotted  core  cables  with  4-fiber  ribbons  was 
already  developed  and  commercialized. 

Considering  the  future  optical  access  networks,  the  small  diameter 
and  lightweight  cables  with  easy  branching  performance  may  be 
effective  to  reduce  material  and  installation  cost.  Therefore,  we 
have  tried  to  decrease  the  SZ-slotted  core  cable  diameter  without 
degradation  of  easy  mid-span  access  operation.  And  the  new 
simple  cables  without  slotted  core  for  lower  count  structure  have 
been  designed  with  easy  mid-span  access  operation. 

2.  New  self-supporting  aerial  cable  with 
4-fiber  ribbons 

We  have  designed  the  new  downsized  self-supporting  aerial 
cables  in  consideration  of  easy  mid-span  access  operation  and 
small  diameter  and  lightweight  in  order  to  decrease  the  cost.  The 
key  points  of  the  cable  design  are  as  following. 

1)  Mid-span  access  operation 

The  availability  of  mid-span  access  is  indispensable  for 
construction  of  the  optical  access  networks  for  distributed 
subscribers.  Ease  of  mid-span  access  is  considered  to  be  a  key  of 
aerial  cable  design 

2)  Downsizing  and  lightweight 

For  easy  installation  of  the  aerial  cable,  it  should  be  self- 
supporting  structure,  small  diameter,  and  lightweight  cable. 

3)  Cost  reduction 

The  stranded  steel  messenger  applied  to  new  aerial  cables  can  be 
downsized  due  to  the  reduction  of  size  and  weight  of  optical  cable 
portion  [1].  Downsizing  the  optical  cables  and  the  stranded  steel 
messengers  save  the  material  cost.  Moreover,  new  cable  structure 
except  for  the  slotted  core  structure  for  low  fiber  count  cable 
should  be  introduced  to  reduce  cable  cost. 
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3.  Structure  of  new  self-supporting  aerial 
cable 

3.1  Downsized  SZ-slotted  rod  type 

As  mentioned  above,  the  self-supporting  cables  are  desirable  in 
access  aerial  networks.  The  mid-span  accessibility  is  most 
important  factor.  The  SZ-slotted  core  cable  is  favorable  structure 
for  mid-span  access  operation.  The  optical  fiber  can  be  picked  out 
from  the  SZ-slotted  core  cable  at  the  any  point,  because  the  slots 
of  the  SZ-slotted  rod  are  made  to  reverse  alternately  [2].  The 
schema  of  the  optical  fiber  picked  out  from  the  SZ-slotted  core 
aerial  cable  is  shown  in  Fig.l.  We  had  developed  the  self- 
supporting  aerial  cables  with  the  SZ-slotted  rod.  And  the  cables 
have  the  sag  to  steel  messenger.  These  conventional  SZ  structures 
have  disadvantage  of  larger  diameter  than  that  of  helical  slotted 
core  cable. 


SZ-slotted  rod  /  Outer  jacket 


Optical  fiber 

Fig.l.  Schema  of  optical  fiber  picked  out  from 
SZ-slotted  core  cable 

So  far,  we  need  to  design  the  SZ-slotted  rod  to  have  enough  large 
gap  in  a  slot.  In  order  to  get  the  stable  transmission  characteristics, 
it  was  necessary  to  reduce  the  unexpected  force  to  the  fiber 
ribbons  by  sufficiently  large  gap  [3].  And  insertion  of  the  fiber 
ribbons  into  the  slots  of  the  SZ-slotted  rod  with  stable  condition  is 
an  important  process  technique. 

In  this  study,  we  have  found  out  that  the  good  transmission 
characteristics  of  thinner  SZ-slotted  rod  could  be  obtained  with 
small  gap  in  a  slot  by  new  design.  And  we  have  improved 
manufacturing  techniques  enabling  that  the  optical  fiber  ribbons 
can  be  inserted  securely  into  the  narrow  SZ-slots.  We  have 
successfully  developed  the  small  SZ-slotted  rod  of  which  diameter 
almost  equal  to  that  of  the  conventional  helical  core  cables  [4] . 

It  has  been  reported  that  the  most  important  structural  parameter 
to  get  the  good  transmission  characteristics  and  small  fiber  strain 
is  the  reverse  lay  angle  [3],  [4].  And  it  has  been  known  that  the 
reverse  lay  angle  of  275degree  is  optimum  value.  However,  that 
optimum  value  was  obtained  on  the  assumption  that  the  locus  of 
the  slots  on  the  SZ-slotted  rod  is  sinusoidal  wave. 

We  have  paid  attenuation  to  locus  of  a  slot  on  an  SZ-slotted  rod, 
and  studied  the  strain  of  locus  of  a  slot  on  an  SZ-slotted  rod  by 
using  the  Fourier  transformation  method.  The  optimum  locus  of  a 
slot  on  an  SZ-slotted  rod  became  clear  through  the  Fourier 


analysis  of  a  locus  data  obtained  from  rotary  encoder  moving 
along  a  locus. 

In  has  been  reported  that  the  stacked  fiber  ribbons  are  rotated 
inside  each  slot  for  back  twisting.  However,  we  have  made  it  clear 
that  back-twisting  the  ribbons  should  not  be  uniform  along  the 
longitudinal  direction  of  the  SZ-slotted  rod.  The  ideal  back 
twisting  condition  is  shown  in  Fi.2.  In  the  rotated  part  range  that 
is  defined  as  the  center  between  reverse  points,  the  fiber  ribbons 
should  not  be  back  twisted.  Then,  near  the  reverse  point,  the 
ribbons  should  be  back  twisted  about  90  degree. 

Non-back  twisted 


We  have  established  the  technique  so  that  the  stacked  ribbons  are 
inserted  into  each  slot  with  the  ideal  back  twisting  in  order  to 
manufacture  the  downsized  SZ-slotted  core  cable  that  has  stable 
characteristics.  Moreover,  the  technique  helps  increase  the 
manufacturing  speed. 

The  downsizing  the  SZ-slotted  rod  resulted  in  the  downsizing  the 
aerial  cables.  The  new  downsized  self-supporting  aerial  cables  are 
shown  in  Fig. 3  and  the  comparison  between  the  new  cables  and 
the  conventional  cable  is  shown  in  Tabled.  About  12-13% 
decrease  in  height  and  about  22-27%  decrease  in  weight  are 
achieved  in  new  cables. 

3.2  Slotted  rod  less  type 

The  material  cost  of  the  cable  core  has  more  significant  effect  on 
cable  cost  per  fiber  count  for  lower  fiber  count.  We  have  adopted 
new  cable  core  structure  without  slotted  rod  for  less  than  40-fiber 
count  aerial  cable.  These  cables  provide  the  advantages  of  the 
easy  installation  because  they  have  lightweight  and  small  diameter 
as  shown  in  Fig.3  and  Tabled.  About  31%  decrease  in  height  and 
about  51%  decrease  in  weight  are  achieved  in  new  cables. 

This  new  cable  structure  is  very  simple  and  it  consists  of  sheath 
with  strength  member,  stacked  4-fiber  ribbons  and  dry  core.  This 
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structure  enables  to  be  easy  sheath  entry  and  quick  ribbons 
preparation  by  eliminating  the  wiping  out  process  of  filling 
compound  from  ribbons.  And  this  cable  can  be  fabricated  by  one 
process.  Conventional  self-supporting  sheath  process  is  applied. 


Steel  messengej 


4-fiber 

ribbons 


Outer  jacket 


Steel  messenger 
4-fiber  ribbons 
Central  member 

SZ-slotted  rod 
Rip  cor< 

Outer  jacket 


a)  24-40-  b)  100-fiber  c)  200-fiber 

fiber  cable  cable  cable 

Fig.3-1.  New  optical  access  cables 


Steel  messenger 

s 

4-fiber 
ribbons 

N 

Optical 
cable 

steel  messenger 

Fig.3-2.  Self-supporting  cable  structure 


Table.1  Structure  of  new  aerial  cables 


Cable  Structure 

Height 

Weight 

40-fiber  New  cable 

18mm 

0.17kg/m 

Reduction  ratio 

-31% 

-51% 

100-fiber  New  cable 

23mm 

0.28kg/m 

Reduction  ratio 

-12% 

-22% 

200-fiber  New  cable 

27mm 

0.36  kg/m 

Reduction  ratio 

-13% 

-27% 

Optical  cable  has  sag  to 


4.  Performance  of  trial  cables 

The  trial  cables  were  manufactured  and  tested  in  order  to  evaluate 
cable  performance.  Both  environmental  and  mechanical  testing 
were  performed  on  the  trial  cables.  And  mid-span  access 
operation  was  also  evaluated. 

4.1  Mechanical  characteristics 

The  trial  cables  were  tested  to  ensure  acceptable  mechanical 
resistance  during  installation  and  operating  conditions.  During 
these  tests,  the  attenuation  changes  were  not  observed  at  1.55  jum 
wavelength.  Test  procedures  and  the  results  are  summarized  in 
Table  2. 


4.2  Environmental  test 

To  test  the  environmental  performance  of  the  cable,  we  subjected 
the  trial  cables  to  a  temperature-cycle  test.  The  temperature-cycle 
pattern  for  this  test  and  the  obtained  results  are  given  in  Fig  3. 
During  the  test,  the  change  in  attenuation  was  less  than  0.15 
dB/km  at  both  wavelengths  of  1.55  pm  and  1 .3  pm. 
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Fig.4-1.  Temperature-cycle  characteristics  of  40- 
fiber  aerial  cable 
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Fig. 4-2.  Temperature-cycle  characteristics  of 
200-fiber  aerial  cable 
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4.3  Mid-span  access  operation 

Fiber  sag  of  20mm  is  at  least  required  for  using  the  conventional 
identification  tool  [1].  When  the  500  mm  length  of  sheath  is 
removed,  the  fiber  sag  is  measured  picked  out  from  new  aerial 
optical  cable.  It  was  confirmed  that  the  fiber  sag  was  more  than  20 
mm  for  mid-span  access  operation. 

The  mid-span  access  performance  was  evaluated  using  installed 
trial  cables  with  the  SZ-slotted  rod  and  without  slotted  core.  Fig.5 
shows  the  operating  processes  and  time  during  each  process.  It  was 
clarified  that  the  mid-span  access  performance  of  the  new  aerial 
cables  was  equal  to  that  of  the  conventional  aerial  cables.  Especially, 
mid-span  operating  time  of  the  new  aerial  cable  without  slotted  core 
take  less  than  that  of  the  SZ-slotted  core  cable. 
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Table.2.  Mechanical  characteristics 


Test  performed 

Test  procedure 

Cable  performance 

Tensile  test 

Tensile  load:  0.2% 

No  attenuation  change  observed 

Installation  test 

Allowable  tension 

Bending  radius250mmR 

No  attenuation  change  observed 

Bending  test 

Bending 

radius:160mmR 

No  attenuation  change  observed 
No  visual  damage  observed 

Crush  test 

1960N/100mm 

No  attenuation  change  observed 
No  visual  damage  observed 

Torsion  test 

90  <CW&CCW  twist 

No  attenuation  change  observed 
No  visual  damage  observed 

Impact  test 

9.8N/m 

No  attenuation  change  observed 
No  visual  damage  observed 

Attenuation  changes  was  measured  by  1 .55pm  wave  length 


Separation  Cutting  Remove  Remove  Pick  out 
cable  and  on  jacket  jacket  rapping  fiber 
messenger  tape 


Mid-span  access  procedure 

*  When  rapping  tape  of  non  slotted  core  cable  is 
removed,  fiber  is  picked  out. 

Fig.5.  Operating  time  of  mid-span  access 


5.  Conclusions 

We  have  developed  the  new  aerial  optical  cables  with  downsized 
SZ-slotted  core  and  without  slotted  rod.  Downsizing  SZ-slotted 
core  cable  was  obtained  by  means  of  advanced  process  and  design 
technologies.  Moreover,  for  less  than  40-fiber  cables,  the  new 
structure  without  slotted  core  has  been  developed  in  order  to  get 
lighter  weight  and  smaller  diameter  with  a  good  mid-span  access 
performance. 


The  trial  cables  were  manufactured  and  tested.  These  trial  cables 
showed  an  excellent  performance. 

The  downsized  aerial  cables  have  advantageous  points  to  the 
conventional  types  as  follows. 

1 )  The  downsizing  the  cables  decreases  a  weight  and  a  diameter. 

2)  These  provide  with  the  decreasing  of  the  cost  of  the  material 

and  installation. 

These  aerial  cables  are  expected  to  be  suitable  for  construction  of 
the  FTTH  in  the  future. 
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Abstract 

We  have  designed  a  compact  size  ribbon  aerial  cable  for  easy  mid¬ 
access  network  and  branching.  The  designed  cable  have  a  dual 
structure  consisted  in  SZ  slotted  rod  for  internal  layer  and  ribbon 
tubes  for  external  layer.  We  have  investigated  the  amount  of  fiber 
excess  length  for  branching  and  optimum  structures  taken  into 
account  clearance  and  strain  caused  by  cable  bending.  This  cable 
had  good  mid-access  characteristic  for  suitable  aerial  applications 
and  also  showed  excellent  mechanical  and  environmental 
performances. 

Keywords 

SZ  slotted  rod;  ribbon  tubes;  mid-access;  slack  length. 

1.  Introduction 

As  the  demand  of  optical  fiber  is  rapidly  increased  for  worldwide 
Internet,  we  designed  a  ribbon  aerial  cable  with  compact  size  for 
easy  mid-access  network.  It  is  very  important  to  design  the  optical 
cable  structure  to  access  fibers  in  mid-point  on  the  aerial 
environments.  Also,  we  should  consider  high-count  fiber  cable  for 
feasibility  of  expanding  to  the  end  users.  Thus,  we  try  to  design  a 
dual  structure  cable  with  combination  of  SZ  slotted  rod  and  ribbon 
tubes.  The  manufacturing  method  and  characteristics  between  SZ 
slotted  cable  and  ribbon  tube  cable  is  different  from  each  other. 
The  SZ  slotted  core  shall  be  designed  with  structurally  sufficient 
clearance  into  groove,  proper  lay  length  and  reverse  lay  angle  of 
slot,  and  the  residual  strain  must  be  technically  controlled  by 
applying  tension  for  long-term  fiber  compatibility.  On  the  other 
hand,  in  case  of  ribbon  tube  construction,  it  shall  be  considered 
adequate  clearance  in  tube  as  well  as  lay  length  to  control 
minimum  fiber  bending  radius.  In  order  to  accommodate  larger 
fiber  excess  length,  we  theoretically  investigate  optimum 
structures  and  lay  lengths  for  SZ  slotted  rod  and  ribbon  tube 
according  to  each  fiber  strain.  In  this  paper,  we  will  describe  this 
type  of  cable  show  the  suitable  structure  as  well  as  excellent 
properties  to  use  long  haul  networks. 

2.  Theory  and  Cable  Design 

2.1  Theory 

In  order  to  prevent  the  unexpected  force  to  the  fiber,  it  is 
important  to  control  fiber  excess  length  in  accordance  with  SZ 
reverse  lay  length.  Especially  in  case  of  SZ  slotted  rod,  the  fiber 
strain  is  the  most  considerable  factor  during  cable  bending.  From 


the  above-mentioned  problems,  we  theoretically  investigated 
optimum  structures  and  lay  lengths  each  type. 


x 


Figure  1.  Set-up  for  SZ  path  length  analysis 


Figure  1  shows  the  calculation  model  of  fiber  excess  length  for 
internal  SZ  slotted  rod  and  external  ribbon  tube.  The  fiber  slack 
length  can  be  expressed  by  using  cylindrical  coordinate  system, 
and  the  fiber  path  length  is  expressed  as  following  equation  (1); 

x  =  Rs  cos  0 

y  -  Rs  sin  0 

Ps  Ps  _i  20 

z  =  —  -I- - sin  - 

2  2  K  0 


^/ZV  An  An 


(1) 


_1  20 

Where,  by  substituting  t  =  sin  — 
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The  fiber  path  length  is  calculated  by  equation  (2); 


■n! 2  *2  ,  ,dyj2  ,  d\2 


m  =  2  Ji^/2  J( — )  +  (— >  +  (—>dt 


dt 


dt 


dt 


=  2  J; 


'71 12 

-nil 


dt 


i+(«)2 

2Ps 


(2) 


When  the  cable  jacket  is  removed  at  the  reverse  point,  the  slack 
length  is  simply  obtained  as  equation  (3). 


S(l)  =  J( 


F(l)  2  L  2 
—)  -(-) 

2  2 


(3) 


Where, 

0  :  SZ  reverse  angle 

Ps  or  Pr  :  SZ  reverse  pitch 
L  :  Removed  jacket  length  for  each  type 

Rs  or  Rr  :  Fiber  bending  radius  for  each  type 

The  slack  length  depends  on  different  reverse  pitches  and  the 
point  where  SZ  reverse  pitch  is  located  at  removed  jacket  length. 
The  theoretical  evaluation  programs  and  several  experiments  have 
successfully  led  to  optimum  conditions  as  reverse  pitch  and  angle 
of  SZ  slotted  rod  is  500mm  and  275  degrees  respectively.  To 
satisfy  the  mid-access  properties,  the  slack  length  was  investigated 
in  line  with  the  variation  of  SZ  reverse  pitch  and  removed  jacket 
length. 


SZ  reverse  pitches  (mm) 


SZ  slotted  rod 

Theoretical  value 

— 

Simplified  value 

m 

Experimental  value 

Theoretical  value 

Ribbon  tube 

Simplified  value 

£ 

Experimental  value 

Figure  2.  Fiber  slack  length  in  SZ  slotted  rod 
and  ribbon  tube 


Figure  2  is  shown  a  schematic  representation  of  relationship 
between  slack  length  and  SZ  reverse  pitches  when  the  center  of 
removed  jacket  length  is  located  in  mid-point  of  SZ  reverse  pitch. 
The  slack  length  was  expected  to  obtain  according  to  the  SZ 
reverse  pitch  when  the  bending  radius  is  5.2mm  and  jacket 
removal  length  is  500mm.  In  order  to  get  more  than  20mm  slack 
length,  it  was  necessary  to  remove  the  cable  jacket  more  than 
500mm.On  the  other  hand,  in  case  of  external  ribbon  tube,  SZ 
reverse  pitch  should  be  minimum  400mm  to  meet  the  minimum 
bending  radius  condition.  Also  as  the  bending  radius  of  ribbon 
tube  is  larger  than  that  of  SZ  slotted  rod,  we  can  easily  get  longer 
slack  length.  By  using  same  equation  and  method  of  SZ  slotted 
rod,  more  than  30mm  slack  length  can  be  obtained  from  500mm 
removal  of  cable  jacket.  The  trial  cable  of  ribbon  tube  was 
manufactured  with  the  600mm  SZ  reverse  pitch  in  order  to  get  the 
stable  slack  length  as  the  margin  of  minimum  stranding  pitch  for 
ribbon  tube  is  enough. 


2.2  Cable  Design 

The  SZ  slotted  cable  has  a  strong  construction  against  external 
force  such  as  impact,  compression  and  etc..  But,  ribbon  tube  cable 
is  more  flexible  and  accessible  with  easy  handling  per  tube.  To 
exploit  above-mentioned  both  advantages,  the  criteria  to  be 
considered  when  we  design  aerial  cable  are  based  on  the  following 
points; 

1)  Use  of  4~fiber  ribbon  for  easy  branching 

2)  SZ  structure  for  easy  mid-access 

3)  Composite  cable  with  SZ  slotted  rod  and  ribbon  tubes 


2.2. 1  SZ  slotted  rod  for  internal  layer.  The  SZ  slotted  rod 
shall  be  taken  mid-access  performance  as  well  as  minimized 
residual  strain  into  consideration.  This  rod  has  ten  grooves  and 
each  groove  contains  five  4-fiber  ribbons  with  0.3mm  thickness. 
From  the  theoretical  and  experimental  analysis,  the  SZ  pitch  and 
reverse  angle  is  adapted  500mm  and  275  degrees  respectively. 
Especially,  the  4-fiber  ribbon  is  inserted  in  slot  by  back- twisting 
method  to  reduce  the  twist  and  lateral  force  for  long-term 
reliability. 

2.2.2  Ribbon  Tubes  for  external  layer.  The  clearance  and 
reverse  lay  length  of  tubes  are  the  most  important  parameters  as 
these  factors  generate  the  fiber  strain  due  to  bending  or  stranding. 
These  factors  can  be  calculated  considering  minimum  bending 
radius  of  fiber  caused  by  pitch  circle  radius.  But,  the  actual  strain 
may  be  decreased  compared  to  theoretical  value  because  of  its 
loose  tube  construction.  The  ribbon  tube  has  additional  fiber 
excess  length  itself  as  the  stacked  ribbons  are  helically  twisted 
during  the  tube  extrusion  process.  This  excess  length  of  fiber  in 
tube  shall  be  served  as  an  absorption  factor  against  stress  although 
lateral  force  such  as  tensile  loading  or  bending  is  applied.  The 
ribbon  tubes  also  withstand  the  cable  contraction  or  expansion 
without  excessively  bending  of  ribbon  in  tube,  which  is  resulted  in 
strain  or  attenuation  increase  of  ribbon  fiber.  Because  of  the 
different  thermal  expansion  coefficient  of  cable  components, 
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bending  of  ribbons  and  strain  increase  may  occur  from  extreme 
temperature  change.  To  adjust  this  thermal  expansion  and 
contraction,  the  clearance  of  inner  diameter  of  ribbon  tube  is  one 
of  the  critical  components.  The  sufficient  excess  length  and  stable 
thermal  properties  of  ribbon  tube  can  be  produced  with  proper 
clearance.  The  several  kinds  of  ribbon  tubes,  which  have  different 
clearance,  were  made  and  tested  to  find  out  the  ideal  clearance  for 
aerial  application  as  shown  in  Figure  3.  The  inner  diameter  of  tube 
should  be  more  than  Rt*N(mm),  and  is  calculated  by  equation  (4). 


T  id 


>-i< 


Rt 


2  2 
N)  +  Rw 


+  2AC 


(4) 


Rt  :  Ribbon  thickness 

Rw  :  Ribbon  width 

N  :  Number  of  stacked  ribbon 

AC  :  Clearance 

Figure  3.  Clearance  of  ribbon  tube 


Accordingly  based  on  experimental  analysis,  the  clearance  is 
determined  minimum  0.6mm  when  strain  is  less  than  0.1%  and 
added  loss  is  not  more  than  0.05dB/km.  The  tube  is  made  of 
thermoplastic  resin  with  high  Young’s  modulus,  and  the  jelly  is 
filled  into  loose  tube  as  water  blocking.  The  eleven  loose  tubes  are 
stranded  by  reverse  lay  method  around  SZ  slotted  rod  in  order  to 
obtain  easy  mid-access. 


We  manufactured  several  trial  cables  with  various  twisting  pitches 
and  investigated  its  performance  by  several  tests.  Table  1  and 
Figure  4  demonstrates  the  cross-section  and  characteristics  of  420- 
fiber  aerial  cable  with  dual  layers,  which  have  slot  and  ribbon 
tube.  The  both  layers  are  designed  dry  types  to  ensure  craft 
friendly  accessibility  and  8-figure  construction  with  7/2. 0mm 
suspension  strand  wire. 


Table  1.  Other  mechanical  tests 


Items 

Construction 

Diameter 

24.8mm(width),  35.8  mm(height) 

Weight 

0.63  g/m 

Suspension  strand  wires(7/2.0mm) 

5-stacked  4-fiber  ribbons 

SZ  slotted  rod 

Ribbon  tubes 

Water  blocking  tape 

Rip  cord 

PE  sheath 


Figure  4.  Cross-section  for  420-fiber  aerial 
cable 


3.  Cable  Performance  Tests 

3.1  Tensile  Loading  Test 

The  installation  tension  in  the  aerial  environments  was  applied  to 
the  trial  cable,  then  the  fiber  strain  and  transmission  loss  was 
checked.  Figure  5  shows  the  relationship  between  tensile  force 
versus  fiber  strain  of  ribbon  in  slot  and  tube  respectively  for  aerial 
cable.  When  the  tensile  force  is  applied  to  aerial  cable  up  to  12kN, 
there  was  no  change  in  optical  attenuation,  and  the  fiber  strain  was 
observed  less  than  0.05%.  The  fiber  strain  of  ribbon  tube  is  shown 
less  than  that  of  fiber  in  slot.  The  reason  came  from  lower  strain  in 
ribbon  tube  is  that  the  ribbon  tube  type  has  some  more  fiber 
excess  length,  and  loose  construction  provides  hydrostatic 
component  of  resistance  to  fiber  core  structure  during  tensile 
loading. 


O 

Cable  strain 

n 

Fiber  strain  in  SZ  slotted  rod 

A 

Fiber  strain  in  ribbon  tube 

Figure  5.  Relationship  of  strain  versus  tensile 
loading 
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3.2  Galloping  Test 

The  8-figure  self-supporting  cable,  assuming  that  it  is  installed 
under  wind  condition,  is  investigated  to  assess  the  fatigue 
performance  for  fiber  long-term  compatibility.  Figure  6  is  shown 
a  facility  configuration  for  galloping  test.  The  cable  was  tensioned 
to  a  minimum  50%  of  the  maximum  rated  installation  tension  and 
excited  by  shaker  in  the  vertical  plane.  The  attenuation  was 
continuously  monitored  and  recorded.  The  change  in  attenuation 
at  1550nm  was  stable  not  more  than  0.05dB  during  the  test. 


Figure  6.  Set-up  for  galloping  test 
3.3  Aeolian  Vibration  Test 

The  aeolian  vibration  test  was  performed  as  similar  as  galloping 
test  facility.  The  cable  was  tensioned  to  100%  of  the  rated 
maximum  installation  tension.  The  optical  fiber  was  concatenated 
one  fiber  from  each  slot  and  tube.  And  then,  the  shaker  excited  the 
cable  in  the  span  to  allow  for  vibration  loops.  The  cable  was 
subjected  to  a  minimum  of  100  million  vibration  cycles.  The 
attenuation  was  continuously  monitored  and  recorded.  No 
significant  attenuation  increase  and  mechanical  damage  was 
observed. 


3.4  Temperature  Cycling  Test 

The  behavior  of  transmission  loss  at  extreme  temperature  range 
was  experimentally  investigated  for  each  type.  The  1-km  cable 
length  is  wound  onto  a  reel  and  placed  in  an  environmental 
chamber.  The  concatenated  fiber  was  mostly  chosen  by  edge  fibers 
of  ribbon  from  each  slot  and  tube  as  these  are  positioned  in  the 
weakest  condition.  And  then,  the  range  of  temperature  test  from  - 
30  degree  to  +70  degree  was  applied.  The  maximum  attenuation 
increase  of  each  layer  was  not  greater  than  0.05dB/km  at  1550nm 
as  shown  in  Figure  7.  Especially,  the  ribbon  tubes  exhibited  a 
stable  characteristic  regardless  of  extreme  temperature  change. 


j  H  Ribbon  slotted  rod 
I  □  Ribbon  tube 


Figure  7.  Temperature  cycling  test 


3.5  Other  Mechanical  Test 

The  cable  was  evaluated  for  other  mechanical  and  environmental 
tests  such  as  crush,  impact,  bending  and  twisting  according  to 
international  standards.  The  results  are  shown  in  Table  2  and 
presented  good  characteristics. 


Table  2.  Other  mechanical  tests 


Items 

Test  procedure 

Conditions 

Crush 

EIA/TIA-455-41  or 
IEC  794-1-E3 

2000N/ 100mm 

10  minutes  duration 

No  damage  observed 

Change  =  less  than  0.05dB 

Impact 

EIA/TIA-455-25  or 
IEC  794-1-E4 

1kg  weight,  lm  height 

10  different  points  with  100mm 
interval 

No  damage  observed 

Change  =  less  than  0.05dB 

Bending 

EIA/TIA-455-104  or 
EC794-1-E6 

10  times  (cable  OD) 

25  cycles 

No  damage  observed 

Change  =  less  than  0.05dB 

Twisting 

EIA/TIA-455-85  or 
EEC  794-1-E7 

2m  length 

clock  &  counterclockwise 

180  degrees,  10  times 

No  damage  observed 

Change  =  less  than  0.05dB 

4.  Conclusion 

In  order  to  realize  the  FTTH  for  easy  mid-access  performance,  we 
have  evaluated  a  aerial  cable  that  is  consisted  in  SZ  slotted  rod  for 
internal  layer  and  ribbon  tubes  for  external  layer.  Based  on 
theoretical  analysis  and  actual  cable  design,  the  optimum  lay 
length  of  SZ  slotted  core  and  ribbon  tube  was  studied  and  at  that 
time  we  found  that  this  cable  has  proper  slack  length,  which  is 
more  than  20mm  at  branching  point.  We  have  demonstrated  that 
the  new  aerial  cable  has  not  only  the  excellent  transmission 
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characteristics  but  also  suitable  aerial  applications.  And  also,  this 
cable  structure  will  lead  to  a  solution  for  composite  cable  with 
combination  of  slot  and  tube  to  make  effective  use  of  advantages 
such  as  more  flexible  and  accessible. 
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ABSTRACT 

This  paper  deals  with  the  influence  of  attached  fiber  optic  cable  on 
aeolian  vibration  of  ground  wire.  To  study  the  self-damping 
characteristics,  the  power  dissipation  of  a  vibrating  ground  wire  has 
been  measured  for  three  cases: 

•  bare  ground  wire 

•  ground  wire  with  a  lashed  cable 

•  ground  wire  with  a  wrapped  cable 

Both  lashed  and  wrapped  cable  increase  the  self-damping  of 
ground  wire. 

Keywords 

AD-Lash;  aeolian  vibration;  ground  wire;  lashed  cable;  optical 
attached  cables;  self-damping  characteristic;  wrapped  cable; 

1.  INTRODUCTION 

As  the  demand  of  industry  and  consumers  for  voice,  video  and 
data  becomes  ever  more  voracious,  telecommunication  firms  are 
scrambling  to  satisfy  it.  With  overhead  power  line  networks 
already  in  place,  Optical  Attached  Cables  (OPAC)  are  an 
economical  and  fast  way  to  install  end-to-end  optical  aerial  cable 
network. 

1.1  AD-Lash  cable  system 

The  AD-Lash  system  is  one  of  the  concepts  for  optical  attached 
cables.  The  AD-Lash  cable  is  fixed  with  a  special  lash  band  either 
to  the  ground  wire  or  phase  wire  (Figurel). 


Figure  1 :  AD-Lash  cable  system 


The  AD-Lash  system  solution  consists  of  dielectric  fiber  optic 
cable,  special  lash  band  and  optimized  installation  procedure 
using  special  machinery.  This  system  has  been  developed  to  be 
installed  along  overhead  power  lines. 

The  standard  AD-Lash  cable  is  a  central  buffer  tube  design  with 
up  to  48  fibers  (Figure  2).  The  lash  band  is  completely 
weatherproof  and  reinforced  by  glass  yams  . 


Figure  2:  AD-Lash  cable  and 
lash  band  design 


A  radio-controlled  (or  manual)  lashing  machine  (Figures  3  and  4) 
winds  the  band  around  the  messenger  wire  and  the  AD-Lash  cable 
so  that  the  cable  is  permanently  fixed  underneath  the  phase  wire 
or  the  ground  wire. 


r‘ 


Figure  3:  radio  controlled  lashing  machine 
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Figure  4:  manual  lashing  machine 


Figure  7:  vortex  shedding 

The  vibration  of  wire  is  perpendicular  to  the  direction  of  the  wind. 
Aeolian  vibration  may  give  rise  to  fatigue  failure  of  ground  wire  and 
conductor. 

The  frequency  of  aeolian  vibrations  depends  on  the  wind  velocity 
and  wire  diameter  and  is  given  by 


With  the  AD-Lash  system  it  is  possible  to  install  up  to  25  km  per 
day. 


f=s 


v_ 

d 


(i) 


1.2  Wrapped  cable 

The  wrap  is  an  alternative  OPAC-solution.  With  this  system  the 
optical  cable,  typically  a  stranded  loose  tube  design,  is  directly 
wound  around  the  messenger  wire. 

loose  tube 

central 
member 

filler 


outer  sheath 


Figure  5:  wrap  cable 


1.3  Aeolian  Vibration 

The  phenomenon  of  aeolian  vibration  is  well  known  from 
transmission  lines.  The  cause  is  vortex  shedding  at  the  ground 
wire/conductor  (Figure  7)  in  a  low  turbulent  air  that  appears 
especially  at  wind  velocities  between  0.5  m/s  and  7  m/s. 


Figure  6:  Wrap  cable  wound  around  a 
messenger  wire 


where  /  is  the  frequency  of  the  vibration,  S  the  Strouhal-number 
(0.185),  V  the  wind  velocity  and 
d  the  diameter  of  the  wire. 

For  the  critical  range  of  the  wind  velocity  between  0.5m/s  and 
7m/s,  the  frequency  of  the  vibration  is  shown  in  the  Figure  8  for 
two  wires  with  different  diameters. 


Figure  8:  critical  range  of  aeolian  vibration 
2.  Measurement  of  aeolian  vibration 

To  study  self-damping  characteristics  of  ground  wire  with  and 
without  an  attached  cable,  the  power  dissipation  has  been 
measured  in  three  cases: 
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•  bare  ground  wire 

•  ground  wire  with  a  lashed  cable 

•  ground  wire  with  a  wrapped  cable 

The  ground  wire  used  in  the  experiment  has  a  diameter  of  9.0  mm 
(7  stranded  single  wires  each  3.0  mm  in  diameter)  and  the  lashed 
optical  cable  has  a  diameter  of  5.9  mm.  The  manual  lashing 
machine  (Figure  4)  was  used  to  install  cable  over  the  whole  length 
of  the  ground  wire  sample. 


to  the  specimen  at  one  end  of  the  span  to  provide  a  driving  force. 
In  the  decay  testing  the  span  was  brought  into  the  resonance  at 
tunable  frequencies.  Different  measurements  have  been  taken  at 
the  frequency  range  between  6  and  100  Hz  at  three  vibration 
angles  5 '10'  and  20'. 

A  good  method  to  describe  the  damping  characteristics  is  the 
damping  ratio  h  which  gives  the  ratio  between  the  energy  Ediss 
dissipated  per  cycle  and  unit  length  and  the  maximum  kinetic 
energy  Ec?max  per  unit  length. 


The  lashing  machine  fastened  the  cable  underneath  the  ground 
wire  by  means  of  two  lash  bands  that  were  wound  helically 
around  the  ground  wire  and  cable.  The  two  ends  of  the  cable  were 
secured  to  the  ground  wire  by  clamps  (Figure  9)  and  the  cable  part 
beyond  the  clamps  was  cut. 


Figure  9:  Clamps  at  the  end  of  the  ground  wire 

The  wrapped  cable  with  an  outer  diameter  of  8.4  mm  was 
manually  wound  around  the  ground  wire  over  its  entire  length 
with  a  pitch  of  0.5  m.  During  the  wrapping  procedure  the  cable 
was  pulled  by  a  tension  of  about  80  N  in  order  to  achieve  a  tight 
wrap.  (Figure  10)  The  end  of  the  wrapped  cable  was  secured  to 
the  ground  wire  by  using  clamps. 


Figure  10:  wrapped  cable  on  a  ground  wire 


The  decay  method  was  used  for  the  measurement  of  the  self¬ 
damping  characteristics.  The  ground  wire  was  tensioned  during 
the  tests  to  a  nominal  6.8  kN  between  two  terminations  with  a 
span  length  of  29.2  m.  An  electrodynamic  shaker  was  connected 


1  Erfjss 
ECt  max 

with 


p  _  Pdiss  / 
ndiss  y y 

£c,max  =^V2^2 


(2) 


3.  Measurement  results 

Measurements  of  the  self-damping  characteristics  of  ground  wire 
with  OP  AC  show  that  OP  AC  increase  the  self-damping  capacity 
of  ground  wire.  The  damping  ratio  of  a  ground  wire  with  AD-Lash 
is  10  times  higher  than  bare  ground  wire  or  ground  wire  with 
wrapped  cable. 
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cable 

H  Ground  wire  with  lashed 

cable  !  a  *i 

S3  m 

.  ■  1  ’ 

o 

♦ 

%  A  A  k 

♦♦♦♦♦♦* 

10  100 

Frequency  (Hz) 

Figure  11a:  Influence  of  attached  cables  on  the 
self-damping  characteristic  of  the  ground  wire  at 
the  vibration  angles  5’ 
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Figure  11b:  Influence  of  attached  cables 
on  the  self-damping  characteristic  of  the 
ground  wire  at  the  vibration  angles  10’ 
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Figure  11c:  Influence  of  attached  cables  on  the 
self-damping-characteristic  of  the  ground  wire 
at  the  vibration  angles  20’ 

4.  Discussion 

If  two  objects  are  continously  connected  and  one  of  both  will  be 
induced  to  osscilate,  there  will  be  no  phase  difference  between  the 
oscillations  of  both  objects.  If  the  connection  is  not  so  rigid  and 
one  of  the  two  objects  is  induced  to  oscillate,  the  phase  of  the 
oscillation  of  one  is  different  to  the  other  one.  This  occurs  when 
the  two  objects  have  different  masses  and  dimensions.  The 
difference  causes  a  faster  dissipation  of  the  oscillation  energy  of 
the  entire  system.  During  the  measurement  lash  cable  and 
messenger  wire  beat  against  each  other.  This  beating  causes 
friction  between  both  and  the  self-damping  capacity  is  increasing. 
This  means  that  the  ground  wire  with  AD-Lash  has  higher  self¬ 
damping  capacity  than  a  bare  ground  wire.  The  difference  of  the 
self-damping  characteristics  between  AD-Lash  system  and 
wrapping  system  is  based  on  the  better  connection  between  wrap 
cable  and  messenger  wire. 


5.  Conclusions 

•  Attached  cables  improve  the  self-damping  capacity  of  ground 
wire. 

•  Self-damping  of  ground  wire  with  AD-Lash  is  about  10  times 
higher  compared  to  the  self-damping  of  ground  wire  with 
wrapped  cable. 

•  Vibration  damping  systems  are  not  necessary  for  ground  wire 
with  an  AD-Lash  system. 

•  The  additional  load  on  the  tower  due  to  the  weight  of  the 
AD-Lash  cable  can  be  ignored  because  of  the  better  self¬ 
damping  characteristic  of  the  ground  wire  with  OP  AC 
especially  with  AD-Lash. 

•  The  critical  range  of  aeolian  vibrations  is  reduced  by 
installing  an  attached  cable,  especially  the  AD-Lash  system. 
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Summary 

The  performance  evaluation  and  study  of  fiber  optical  cables 
exposed  to  ballistics  tests  will  be  shown  in  this  work.  Toward 
this  end,  various  ballistics  tests  were  done  on  three  types  of 
aerial  fiber  optical  cables-  all  dielectric  self-supported  (ADSS), 
optical  ground  wire  (OPGW)  and  metal  armor  protected 
(OPMA).  12  gauge  guns  were  used  with  different  pellet  types  at 
different  distances,  and  after  the  shots,  optical  fiber  continuity 
was  verified  and  cable  damage  observed.  The  results  allowed  a 
comparative  performance  evaluation,  and  verified  that  the 
OPMA  cable  performance  was  far  superior  to  that  of  the 
dielectric  cable  while  similar  to  that  of  the  OPGW  cable,  thus 
establishing  a  minimum  technical  requirement  for  proving  cable 
resistance  at  the  same  degree  of  protection  as  offered  by  the 
OPMA  cable.  An  analysis  of  the  employed  tests  methodology 
will  also  be  presented,  determining  the  aggressive  parameter 
influence  and  the  influence  related  to  the  alternative  cables’ 
performance  in  the  test. 


1.  Introduction 

The  aerial  optical  plant  in  Brazil  have  many  optical  cable 
applications  where  it  is  necessary  for  the  cable  to  be  fire  proof, 
fire  setting  being  a  common  practice  in  the  country’s  agriculture, 
and  at  the  same  time  bullet  proof,  whether  from  the  hunter’s 
bullet  or  acts  of  vandalism. 

To  deal  with  these  situations  a  metal  armor  protected  cable 
(OPMA)  was  developed,  as  shown  in  a  previous  work  [2]  that 
described  the  product  development  and  field  testing. 

During  the  product  development,  in  order  to  more  thoroughly 
analyze  this  cable  model,  a  study  aimed  at  analyzing  in  detail  the 
degree  of  aerial  cable’s  resistance  to  ballistics,  test  conditions 
necessary  to  evaluate  that  resistance,  establishing  an  evaluation 
requirement  and  comparing  the  OPMA  cable’s  resistance  to 
other  aerial  cables  available  in  Brazil  was  done. 

The  cables  used  in  this  study  are  shown  in  figures  1,  2  and  3. 


1-  Central  member 

2-  Waterblocking  tape 

3-  Inner  jacket 

4-  Strength  member 

5-  Outer  jacket 


6-  Loose  tube 

7-  Jelly 

8-  Jelly 

9-  Optical  fiber 


Figure  1-  ADSS  Cable 


1-  Central  member 

2-  Inner  jacket 

3-  Steel  wire 

4-  Aluminum  wire 


5-  Loose  tube 

6-  Jelly 

7-  Jelly 

8-  Optical  fiber 


Figure  2  -OPMA  Cable 
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3.  Tests  performed 

In  the  gunshot  tests  the  same  methodology  was  used  with  the 
following  specific  setup  characteristics: 

3.1.  Test  specimens 

For  each  of  the  cable  types  three  35  meter  test  specimens  were 
prepared,  taken  from  their  spools,  and  the  optical  fibers  then 
joined  to  form  one  continuous  segment.  The  two  free  ends  were 
terminated  in  pigtails  as  shown  in  figure  4. 


1-  Central  member  5- Jelly 

2-  Aluminum  inner  jacket  6-  Jelly 

3-  Steel  wire  7-  Optical  fiber 

4-  Loose  tube 

Figure  3  -OPGW  Cable 


2.  Evaluation  Strategy 

The  existing  international  standard  IEC  60794-1  Optical  Fiber 
Cables  -  Generic  Specification  [3]  that  describes  the  test  method 
IEC  60794-1 -El 3  -  “Shot-gun  Damage  [1]  was  used  as  the 
reference  in  the  optical  cable  gunshot  resistance  analysis. 

This  method  was  adopted  as  the  reference  for  establishing  test 
methodology.  It  contains  the  method  for  performing  the  test, 
recommending  a  distance  of  20  meters  and  the  use  of  number  4 
and  7  pellets,  leaving  other  values  open  depending  on  the  cable 
specification.  Besides  this,  it  defines  attenuation  increase  as  a 
requirement  in  the  cable  evaluation. 

To  establish  the  starting  point  of  the  tests  the  existing 
bibliographies  were  analyzed  [4,  5  and  6],  in  which  12  and  20 
gauge  arms  were  used  with  number  3,  4,  6,  7  and  8  pellets  at 
distances  of  5,  10,  15  and  20  meters. 

It  was  shown  that  increasing  the  distance  of  the  gunshot  caused  a 
greater  dispersion  of  the  pellets,  decreasing  the  number  of 
pellets  that  hit  the  cable  as  well  as  the  force  of  each  pellet’s 
impact.  Thus,  shots  fired  from  a  smaller  distance  cause  greater 
damage  to  optical  cable.  The  pellet  mass  also  influences  the 
impact  energy,  with  larger  mass  pellets  causing  greater  damage 
to  the  cable. 

With  these  facts  as  a  basis,  it  was  decided  to  perform  a  series  of 
discharges  using  a  12  gauge  shotgun,  commonly  found  in  Brazil, 
with  number  3  pellets  ((f>  3,5  mm)  and  number  6  pellets  ((()  2,75 
mm)  at  distances  of  5,  10  and  15  meters  to  study  the  effects  of 
the  gunshots  on  aerial  cables. 

The  test  specimens  were  taken  from  three  types  of  aerial  optical 
cables;  all  dielectric  self  supported  (ADSS),  optical  ground  wire 
(OPGW)  and  metallic  armor  protected  (OPM A). 


Optic 

cords 


Figure  4.  Test  specimen  prepared  for  the 
gunshot  test 


3.2.  Test  preparation 

Each  test  specimen  was  laid  on  the  ground  and  then  fixed  to  the 
metal  structure  in  a  vertical  position  with  a  1 5  kgf  weight  on  the 
lower  end  to  keep  the  specimen  straight  up  and  down.  The 
optical  cords  were  connected  to  an  optical  power  measuring 
device  and  a  light  source.  The  ballistics  test  person  positioned 
himself  at  a  distance  “L”  from  the  cable,  as  shown  in  figure  5. 


Figure  5.  Test  Setup 


3.3.  Test  plan 

As  previously  stated,  a  series  of  shots  varying  in  distance  and 
pellet  type  was  planned  for  each  type  of  cable.  After  each  shot 
the  optical  continuity  was  verified  and  a  visual  inspection 
performed  to  characterize  the  cable  damage  caused  by  each 
situation. 
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3.4  Results 

The  results  are  shown  in  tables  1,  2  and  3. 

Table  1  shows  the  results  obtained  after  discharges  of  12  gauge 
shotgun  using  #6  pellets  at  5,  10  and  15  meters. 


Table  1. 12  Gauge  #6  pellet  shots 


Cable 

L 

(m) 

#  Hits 

Fiber 

damage 

Optical  Cable 
damage 

ADSS 

15 

Few 

No 

Sheath  perforated 
without  optical  fibers 
hit. 

ADSS 

10 

Several 

No 

Sheath  perforated 
without  optical  fibers 
hit.  j 

ADSS 

5 

Various 

Yes 

Sheath  perforated, 
totally  destroying  the 
cable,  attenuation 
increase  without 
optical  fiber  rupture. 

OPMA 

15 

Few 

No 

No  significant  armor 
damage. 

OPMA 

10 

Several 

No 

Armor  marked,  no 
wire  destruction  or 
polymer  sheath 
exposure. 

OPMA 

5 

Various 

No 

Damage  and 
deformation  to  the 
aluminum  wires,  but 
cable  not 
compromised. 

OPGW 

15 

Few 

No 

No  significant  annor 
damage.  Similar  to 
the  OPMA  cable. 

OPGW 

10 

Several 

No 

Annor  marked 
without  wire 
destruction  or  core 
exposure. 

OPGW 

5 

Various 

No 

Superficial  wire 
damage  without 
cable  compromise. 
Less  damage  than  the 
OPMA. 

Table  2  shows  the  results  obtained  after  discharges  of  12  gauge 
shotgun  using  #3  pellets  at  5,  10  and  15  meters. 


Table  2. 12  Gauge  #3  pellet  shots 


Cable 

L 

(m) 

#  Hits 

Fiber 

damage 

Optical  Cable 
damage 

ADSS 

15 

Few 

No 

Sheath  perforated 
without  optical 
fibers  hit. 

ADSS 

10 

Several 

Yes 

Sheath  perforated 
and  ruptured  on  the 
posterior  part  of 
the  cable,  optical 
fibers  ruptured. 

ADSS 

5 

- 

- 

Not  done. 

OPMA 

15 

Few 

No 

More  damage  to 
the  armor  than  seen 
with  the  #6  pellet. 

OPMA 

10 

Several 

No 

Armor  marked,  no 
wire  destruction  or 
polymer  sheath 
exposure. 

OPMA 

5 

Various 

No 

Significant  damage 
to  the  wires  hit 
(more  to  the 
aluminum  wires). 
External  Sheath 
not  hit. 

OPGW 

15 

Few 

No 

No  significant 
armor  damage. 
Less  damage  than 
on  the  OPMA 
cable. 

OPGW 

10 

Several 

No 

Armor  marked 
without  wire 
destruction  or  core 
exposure.  Less 
damage  than  on  the 
OPMA  cable. 

OPGW 

5 

Various 

No 

Concentrated 
impact  markings 
with  significant 
damage  to  the 
wires  hit.  Cable 
core  not  hit.  Less 
damage  than  the 
OPMA. 

After  executing  the  planned  tests  another  ballistic  sequence  was 
performed  with  the  ADSS  cable  using  number  3  pellets.  The 
results  are  shown  in  table  3. 
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Table  3. 12  Gauge  #3  pellet  shots  on  the  ADSS 
Cable 


Cable 

L 

(m) 

#  Hits 

Fiber 

damage 

Optical  Cable 
damage 

ADSS 

15 

Few 

No 

Sheath  perforated 
without  optical 
fibers  hit. 

ADSS 

10 

Several 

No 

Sheath  perforated 
without  optical 
fibers  hit. 

ADSS 

5 

Various 

Yes 

Significant  damage 
with  optical  fiber 
rupture. 

Photos  1  through  1 1  show  some  visual  test  results. 


4.  Result  analysis 

The  principle  factors  that  influence  the  impact  energy  on  the 
cable  are: 

pellet  size 

mass  of  used  pellets 

the  distance  from  which  the  arm  is  fired 


Based  on  this  we  conclude  that  the  OPMA  cable  possesses 
ballistic  resistance  much  greater  than  that  of  the  ADSS  cable.  In 
relation  to  the  OPGW  cable,  we  observe  that  the  OPMA  cable 
suffered  more  deformations,  although  the  pellets  did  not  hit  its 
core  or  cause  optical  fiber  damage. 

Although  the  initial  studies  had  indicated  an  ideal  distance  of  15 
meters  for  ballistic  tests,  the  experiments  performed  show  that  at 
this  distance  even  the  ADSS  cable,  having  no  special  protection, 
provides  good  optical  fiber  protection  even  though  its 
mechanical  structure  is  impacted  by  aramid  filament  rupturing. 


5.  Conclusions 

Dielectric  and  armored  aerial  optical  cables  ballistic  resistance 
was  shown  in  this  work.  Various  test  results  including  cable 
performance  analysis  under  diverse  test  parameters  were 
presented. 

As  a  result,  it  was  possible  to  determine  the  condition  under 
which  the  real  behavior  of  cables  submitted  to  ballistics  tests  can 
be  evaluated.  The  resistance  of  these  cables  should  be  greater 
than  that  of  the  ADSS  cable,  which  when  originated,  did  not 
take  into  account  this  characteristic.  Thus,  it  is  proved  that  the 
requirement  that  demands  the  most  ballistic  resistance  is  that  in 
which  12  gauge,  #3  pellet  shots  are  fired  at  5  meters,  observing 
then  the  optical  continuity  of  the  cable  and  the  damages  inflicted 
on  its  structure. 


The  arm  caliber  and  the  quantity  of  gunpowder  in  each  cartridge 
also  influences  impact  intensity,  but  this  was  considered  to  be  a 
constant  since  a  12  gauge  shotgun  and  factory  loaded 
ammunition  was  set  as  the  standard. 

The  results  demonstrate  that  at  a  distance  of  15  meters  using  the 
two  pellet  type  all  the  cables  tested  show  good  performance  in 
regards  to  optical  fiber  rupture,  although  the  pellets  did  penetrate 
the  outer  ADSS  cable  jacketing.  The  increase  in  the  number  of 
optical  fibers  in  the  aerial  cable  could  change  this  result,  because 
the  probability  of  damage  to  one  of  the  fibers  increases.  In  other 
words,  optical  continuity  should  be  complemented  by  visual 
analysis  of  the  damage  to  the  cable. 

At  the  distance  of  10  meters  using  #6  pellets  none  of  the  cables 
demonstrated  optical  fiber  rupture.  With  the  #3  pellet  one  of  the 
ADSS  cable  test  specimens  already  showed  optical  fiber  rupture. 

Firing  at  5  meters  using  #6  pellets  the  OPGW  and  OPMA  cables 
showed  only  small  armor  imperfections.  The  ADSS  cable 
presented  with  total  sheath  perforation  by  several  pellets  and 
fiber  attenuation  increase,  suggesting  that  the  pellets  lodged  in 
the  cable  body  pressing  upon  the  optical  fibers. 

Firing  at  5  meters  using  the  #3  pellet  caused  a  significant 
deformation  of  the  OPGW  and  OPMA  cable  armor,  but  without 
optical  fiber  breakage.  On  its  turn  the  ADSS  cable  showed 
optical  fiber  breakage,  demonstrating  that  this  test  condition  is 
very  severe. 
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Photograph  5.  OPMA  Cable,  #3  pellet,  from  10  m 


Photograph  6.  OPMA  Cable,  #6  pellet,  from  5  m 


Photograph  3.  ADSS  Cable,  #3  pellet,  from  10  m 


Photograph  2.  ADSS  Cable,  #3  pellet,  from  10  m 
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Photograph  7.  OPMA  Cable,  #6  pellet,  from  5  rrT  Photograph  10.  OPGW  Cable,  #3  pellet,  from  5  m 


Photograph  8.  OPMA  Cable,  pellet  3,  from  5  m 


Photograph  11  -  OPGW  Cable,  #6  pellet,  from  5  m 


Photograph  9.  OPGW  Cable,  #6  pellet,  from  10  m 
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Abstract 

The  two  largest  telecommunications  markets  are  the  United 
States  and  Japan.  These  two  markets  lead  the  world  in  the 
amount  of  optical  cable  installed  annually.  Given  these  factors, 
it  is  important  to  understand  the  cable  and  installation 
technologies  used  in  these  dominant  nations.  However,  these 
two  markets  have  very  different  cable  designs  and  installation 
techniques.  The  purpose  of  this  paper  is  to  compare  and 
contrast  the  outside  plant  optical  cable  designs  and  installation 
techniques  used  in  the  United  States  and  Japan. 

1.  Introduction 

As  the  optical  cable  industry  enters  its  fourth  decade,  outside 
plant  cable  designs  and  installation  options  abound.  However, 
the  cable  designs  can  be  grouped  into  a  few  basic  categories 
such  as  stranded  loose  tube,  single  tube  and  slotted  rod.1 
Likewise,  installations  can  be  categorized  into  three  groups: 
duct,  direct  buried,  and  aerial.  This  paper  will  examine  the 
outside  plant  cable  designs  and  installation  methods  used  in  the 
two  largest  telecommunications  markets  in  the  world,  namely 
the  United  States  and  Japan.  It  is  not  the  intent  of  this  paper  to 
provide  a  comprehensive  or  esoteric  analysis  of  every  cable 
design  and  installation  technique  used  in  these  two  countries 
but  rather  to  give  an  overview  of  the  most  common  outside 
plant  cables  and  installation  methods. 

2.  Common  Cable  Designs  in  the 
United  States 

The  most  popular  outside  plant  optical  cable  design  in  the 
world  is  stranded  loose  tube  cable.  This  cable  was  originally 
developed  in  Europe  but  has  gained  acceptance  throughout  the 
world.  Loose  tube  is  the  predominant  optical  cable  design  in 
the  United  States.  Loose  tube  acceptance  in  Japan  has  been 
limited  due  to  the  inclination  of  Japanese  customers  for  slotted 
rod  cables. 

Loose  tube  cables  are  constructed  with  a  central  member  at  the 
center  of  the  cable.  The  central  member  is  typically  made  of 
glass-reinforced  plastic  (GRP)  or  similar  dielectric  material. 
The  central  member  may  provide  some  tensile  strength  for  the 
cable  but  more  importantly,  it  provides  resistance  to  the 
contraction  of  the  cable  components  at  low  temperatures. 
Around  the  central  member  are  the  buffer  tubes,  stranded  in  an 
“SZ”  pattern.  The  hollow,  color-coded  buffer  tubes  have  an 
inside  diameter  that  is  much  larger  than  the  outside  diameter  of 
the  fiber.  This  provides  a  relatively  strain-free  environment  for 
the  optical  fibers,  decoupling  the  fibers  from  the  remainder  of 
the  cable.  A  jelly-like  substance  fills  the  remaining  space  in 


the  tube,  preventing  moisture  from  getting  near  the  fibers  and 
eliminating  the  possibility  of  this  water  freezing  and  leading  to 
an  increase  in  attenuation  or  fiber  breakage.  The  fibers 
typically  have  some  excess  fiber  length  inside  the  tube  to  allow 
them  to  remain  in  a  strain-free  condition  during  installation  and 
long  term  operation.  The  standard  number  of  fibers  per  tube  is 
six  or  twelve  but  other  counts  are  possible  to  meet  customer 
needs. 

“SZ”  stranding  of  the  buffer  tubes  facilitates  mid-span  access 
of  the  cable.  In  a  mid-span  access,  the  buffer  tubes  can  be 
easily  unwrapped  at  the  “SZ”  reversal  point  allowing  easy 
access  to  individual  buffer  tubes.  The  number  of  buffer  tubes 
stranded  around  the  central  member  depends  on  total  fiber 
count  but  typically  the  minimum  is  five  to  ensure  a  round 
cable.  For  higher  fiber  count  cables,  typically  above  120  fibers, 
the  buffer  tubes  may  be  stranded  in  two  layers.  Stranded  loose 
tube  cables  are  commonly  available  up  to  288  fibers,  but  higher 
fiber  counts  are  possible. 

After  stranding  the  buffer  tubes  around  the  central  member,  the 
buffer  tubes  are  typically  bound  together  with  binder  tapes  to 
maintain  the  integrity  of  the  core.  At  this  point,  most  loose 
tube  manufacturers  apply  a  waterblocking  tape  to  prevent  water 
migration  in  the  cable.  A  few  years  ago,  dry  waterblocking 
tape  technology  replaced  the  “flooding”  gel  that  was  the 
common  waterblocking  technique  in  the  eighties  and  early 
nineties.2  In  a  flooded  design,  the  core  of  the  cable  was 
flooded  with  a  jelly-like  material  to  provide  a  physical  barrier 
and  prevent  water  migration.  With  the  advent  of  economically 
feasible  dry  waterblocking  technology,  the  jelly  was  replaced 
with  the  tape  thus  making  cable  end  preparation  much  faster 
and  easier. 

After  stranding  and  the  application  of  waterblocking  tapes,  high 
tensile  strength  yams  are  added  and  a  jacket  is  extruded  around 
the  cable.  The  yams,  typically  aramid  and  fiberglass,  provide 
the  majority  of  the  cable’s  axial  tensile  strength  required  for 
installation  and  long  term  operation.  On  top  of  the  tensile 
yams,  a  jacket,  typically  made  of  black  polyethylene,  is 
extruded  around  the  cable.  The  use  of  polyethylene  as  a 
jacketing  material  is  common  worldwide  and  facilitates  easy 
installation  and  a  long  lifetime.  As  a  sheath  option,  a  plastic- 
coated,  corrugated  steel  tape  armor  can  be  applied  underneath 
the  outer  jacket  to  provide  additional  mechanical  protection, 
particularly  for  cables  buried  directly  in  the  earth.  Figures  1 
and  2  show  typical  cross-sections  of  non-armored  and  armored 
stranded  loose  tube  cables  with  various  fiber  counts. 
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Figure  1.  Non-Armored  Loose  Tube  Cable  Figure  3.  Armored  Single  Tube  Ribbon  Cable 
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Figure  2.  Armored  Loose  Tube  Cable 


Figure  4.  Armored  Single  Tube  Cable 


Another  cable  design  common  in  the  United  States  is  the  single 
tube  cable.  Instead  of  multiple  tubes  stranded  around  a  central 
member,  a  single  tube  is  located  at  the  center  of  the  cable  with 
tensile  elements  surrounding  the  tube.  The  central  tube  is 
extruded  around  the  fibers  with  some  excess  fiber  length.  The 
fibers  are  organized  in  the  central  tube  in  one  of  three  ways: 
single,  color-coded  fibers;  fibers  bundled  together  with  a  color- 
coded  yam;  or  fibers  in  ribbon  form.  Fiber  bundles  are 
typically  bundled  in  groups  of  six  or  twelve  color-coded  fibers 
while  ribbon  constmctions  typically  have  twelve  or  twenty-four 
color  coded  fibers. 

After  buffering  the  fibers  in  the  central  tube,  the  tube  is 
jacketed  but  in  a  different  configuration  from  loose  tube  cables. 
Since  there  is  no  central  member  nor  tensile  yams,  there  must 
be  some  other  mechanism  to  mitigate  the  contraction  of  the 
cable’s  components  at  low  temperatures  and  provide  tensile 
strength  for  the  cable.  To  achieve  these  functions  in  single  tube 
cables,  GRP  or  steel  rods  are  placed  outside  of  the  central  tube 
and  embedded  in  the  jacket.  As  with  stranded  loose  tube 
cables,  single  tube  cables  typically  use  polyethylene  as  the 
jacket  material  and  armored  versions  are  also  available. 
Figures  3  and  4  show  some  typical  single  tube  cable  cross- 
sections. 


3.  Common  Cable  Designs  In  Japan 

In  Japan,  the  predominant  cable  design  is  the  slotted  rod 
design,  sometimes  called  the  slotted  core  ribbon  (SCR)  design 
or  the  star  design.  Slotted  rod  cables  are  constructed  with  a 
plastic  slotted  rod  surrounding  a  steel  or  dielectric  central 
member.  The  central  member  performs  the  same  contraction 
mitigation  function  as  in  stranded  loose  tube  cables  and  it  also 
provides  the  cable’s  tensile  strength.  In  Japan,  a  steel  central 
member  is  the  standard  versus  a  GRP  central  member,  which  is 
standard  in  the  USA.  The  slotted  rod  is  extruded  around  the 
central  member  in  a  star  shape.  The  slots  are  typically  in  a 
helical  pattern  but  the  “SZ”  slot  pattern  is  growing  in 
popularity.  The  number  of  slots  depends  on  fiber  count  and 
ribbon  configuration.  Each  slot  contains  a  specified  number  of 
ribbons  with  each  ribbon  having  two-,  four-  or  eight-fibers. 
The  total  fiber  count  in  the  cable  and  customer  preference  are 
the  primary  determinants  of  ribbon  type.  Two-  fiber  ribbons 
are  typically  used  in  cables  with  fiber  counts  of  12  -  128  and 
four-fiber  ribbons  are  common  in  cables  with  20  -  300  fibers. 
Above  300  fibers,  nearly  all  designs  use  eight-fiber  ribbons. 
See  Figures  5  and  6  for  some  typical  slotted  rod  cross-sections. 
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Figure  5.  Slotted  Rod  Cable 


Figure  6.  Slotted  Rod  Cable 


mechanical  protection.  Some  of  these  differences  impact  the 
installation  techniques  common  in  the  two  countries. 

4.1  Base  Unit  Of  Fiber  Groupings 

The  base  unit  of  fiber  groupings  in  a  network  determines  much 
of  the  hardware  selection  and  configuration  for  the  system.  In 
the  United  States,  the  standard  fiber  grouping  is  in  multiples  of 
six.  For  loose  tube  cables,  this  means  that  the  tubes  contain 
either  six  fibers  or  twelve  fibers.  In  USA  ribbon  cables,  twelve 
or  twenty- four  fiber  ribbons  are  used.  Typically  the  twenty- 
four  fiber  ribbons  can  be  easily  split  into  two  twelve-fiber 
ribbons.  In  Japan,  where  slotted  rod  ribbon  cables  dominate, 
the  fibers  are  typically  grouped  in  ribbons  of  four  or  eight,  with 
one  exception.  The  one  exception  is  the  two-fiber  ribbon  found 
in  some  SZ  slotted  rod  cables.  This  two-fiber  ribbon  cable  can 
be  easily  integrated  into  a  network  with  four  and  eight  fiber 
ribbon  cables. 

The  selection  of  the  base  unit  of  fiber  groupings  is  an  important 
one.  Once  a  service  provider  begins  building  a  network  with 
one  or  the  other  base  unit,  6/12  or  4/8,  it  is  difficult  to  integrate 
the  other  base  unit  grouping  without  special  accommodations. 
These  accommodations  include  special  splicing  and  routing 
adaptations  that  are  not  routine  and  make  system 
documentation  difficult.  In  the  USA,  most  termination 
hardware  is  designed  for  groups  of  six  or  twelve.  This  applies 
to  fiber  organizers  in  splice  trays,  connector  panels  in  cross- 
connect  hardware,  distribution  frames,  etc.  In  Japan,  the  four- 
and  eight-fiber  ribbons  drive  the  configuration  of  the  hardware. 


SZ  slotted  rod  cables  are  growing  in  popularity  in  Japan. 
Unlike  their  helical  slot  cousins,  SZ  slots  make  mid-span 
access  very  easy.  In  Japan’s  drive  toward  fiber-to-the-home, 
service  providers  are  finding  mid-span  access  a  necessity  and 
want  to  make  it  as  quick  and  easy  as  possible3. 

Two  sheath  options  are  common  in  Japan  for  outside  plant 
cables.  Some  customers  prefer  waterblocking  tapes  followed 
by  a  polyethylene  jacket.  Others  prefer  a  laminated  aluminum 
tape  followed  by  polyethylene  (LAP  sheath).  The 
waterblocking  tapes  perform  the  same  function  as  in  loose  tube 
and  single  tube  cables  described  above,  that  is  to  prevent  water 
migration.  In  cables  with  a  LAP  sheath,  there  is  no  mechanism 
to  prevent  water  from  migrating  down  the  cable. 

4.  Comparison  of  the  Predominant 
Cables 

The  slotted  rod  design,  though  standard  in  Japan,  has  not 
gained  acceptance  in  the  USA.  Likewise  the  stranded  loose 
tube  and  single  tube  designs  standard  in  the  USA  have  gained 
only  limited  acceptance  in  Japan.  Much  of  this  has  to  do  with 
the  origin  of  the  development  of  these  cables  and  customer 
preference  in  the  two  countries  driven  in  part  by  those  who 
manufacture  and  market  the  cables  in  the  respective  countries. 
The  differences  between  the  cable  designs  are  significant  and  in 
some  cases  fundamentally  incompatible  such  that  trying  to  use 
both  cable  designs  in  a  single  network  becomes  impracticable. 
The  primary  differences  discussed  below  are  base  unit  of  fiber 
groupings,  fiber  identification,  intra-cable  fiber  protection, 
tensile  strength  elements,  waterblocking  technology,  and 


4.2  Fiber  Identification 

Of  obvious  importance  is  the  ability  to  uniquely  identify  each 
fiber  in  a  cable.  Stranded  loose  tube  cables  achieve  this  by 
color  coding  each  buffer  tube  and  each  fiber  within  each  buffer 
tube.  Single  tube  cables  use  color  coded  fibers  along  with  a 
colored  binder  thread  or  printing  on  the  ribbon  matrix.4  In 
slotted  rod  cables,  each  ribbon  is  comprised  of  colored  fibers. 
The  fiber  color  sequence  in  each  ribbon  uniquely  identifies 
each  ribbon  and  fiber  in  a  slot.  Each  slot  is  uniquely  identified 
by  means  of  stripes  on  the  rod  itself.  The  fiber  identification  in 
the  USA  and  Japan  cable  designs  are  basically  dictated  by  the 
cable  design. 

4.3  Intra-Cable  Fiber  Protection 

The  fundamental  means  by  which  the  fiber  is  protected  inside  a 
cable  differs  among  the  cable  designs  used  in  the  USA  and 
Japan.  In  the  USA  where  stranded  loose  tube  and  single  tube 
cables  dominate,  the  intra-cable  fiber  protection  is  achieved  by 
means  of  a  buffer  tube.  The  tube  surrounds  the  fibers  or 
ribbons  and  decouples  them  from  the  rest  of  the  cable.  In  Japan 
where  slotted  rod  cables  dominate,  the  intra-cable  fiber 
protection  is  achieved  by  the  slotted  rod.  The  ribbons  are 
placed  in  the  slot  below  the  circumferential  surface  of  the  rod. 

When  an  outside  plant  cable  is  terminated,  the  fibers  must 
transition  from  the  end  of  the  cable  into  a  splice  tray  or 
connector  housing.  The  buffer  tubes  in  a  stranded  loose  tube 
cable  are  typically  routed  into  the  splice  tray  or  connector 
housing  affording  some  level  of  protection  for  the  fibers  inside 
a  closure  or  other  termination  hardware.  In  single  tube  cables, 
the  tube  is  typically  cut  off  just  inside  the  hardware  outer  panel 
and  the  fibers  or  ribbons  transition  to  the  splice  tray  either 
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unprotected,  or  they  can  be  fed  through  transition  tubing. 
Likewise  the  rod  of  a  slotted  rod  cable  is  cut  off  just  inside  the 
hardware  outer  panel  and  the  ribbons  transition  to  the  splice 
tray  either  unprotected  or  through  transition  tubing.  Any  of 
these  ways  are  acceptable  but  the  end  user  must  determine  the 
level  of  fiber  protection  with  which  he  is  comfortable. 

4.4  Termination  of  Tensile  Strength  Elements  in 
Hardware 

Most  cable  manufacturers  and  cable  installers  recommend  that 
the  tensile  strength  elements  be  secured  when  the  cable  is 
terminated  in  hardware.  The  primary  tensile  strength  elements 
in  loose  tube  cables  are  the  aramid  and  fiberglass  yams 
stranded  around  the  cable  core.  These  yams  are  completely 
separate  from  the  cable  jacket  and  can  be  easily  secured  inside 
a  closure  or  other  termination  hardware.  In  single  tube  cables, 
the  tensile  elements  are  often  embedded  in  the  jacket  and  must 
be  separated  from  the  jacket  and  secured  in  the  termination 
hardware.  In  slotted  rod  cables,  the  central  member  is  the 
tensile  member.  To  secure  the  tensile  member,  the 
polyethylene  rod  must  be  removed  to  expose  the  tensile 
member.  Comparing  these  three  cable  designs,  the  tensile 
elements  in  single  tube  cables  are  the  easiest  to  secure  in 
termination  hardware. 

4.5  Waterblocking  Technology 

One  area  where  loose  tube,  single  tube  and  slotted  rod  cables 
share  technology  is  in  how  they  prevent  water  migration.  All 
three  cable  designs  typically  use  waterblocking  tapes  and  yams 
to  prevent  water  migration  in  the  cable  if  the  cable  jacket  is 
breached.  Loose  tube  and  single  tube  cables  have  to  deal  with 
blocking  water  inside  the  tubes.  Today  this  is  most  commonly 
achieved  by  means  of  a  suitable  jelly,  which  provides  a 
physical  barrier  to  water  migration.  This  jelly  must  be  removed 
during  cable  termination  requiring  extra  time.  Slotted  rod 
cables  do  not  require  a  jelly  because  the  tapes  and  yams  alone 
provide  water  penetration  performance  to  meet  customer 
specifications.  This  makes  cable  end  preparation  easier  in 
slotted  rod  cables  when  compared  to  loose  tube  or  single  tube 
cables. 

4.6  Mechanical  Protection 

In  loose  tube  cables  and  to  a  certain  degree  in  single  tube 
cables,  the  operating  temperature  window  and  mechanical 
performance  characteristics  are  determined  by  the  free  space 
inside  the  tubes,  excess  fiber/ribbon  length,  the  lay  length  of 
the  stranded  tubes  and  the  dimensions  of  the  cable  components. 
In  slotted  rod  cables,  the  combination  of  ribbon  tension,  slot  lay 
length,  slot  dimensions,  and  ribbon  stack  height  determines  the 
operating  temperature  range  and  mechanical  performance 
characteristics. 

The  outer  sheath  is  a  cable’s  first  line  of  mechanical  protection. 
As  mentioned  before,  the  jacket  is  typically  made  of  black 
polyethylene.  Additional  mechanical  protection  can  be 
achieved  by  adding  a  metallic  armor  tape.  In  the  USA,  a 
corrugated  steel  tape  armor  under  the  jacket  is  common  for 
cables  to  be  directly  buried  in  the  ground.  The  armor  provides 
additional  protection  against  rodents  and  other  underground 
hazards.  Corrugated  steel  tape  is  not  commonly  used  with 
slotted  rod  cables  because,  as  discussed  below,  direct  buried 
installations  are  very  rare  in  Japan. 


4.7  Comparison  of  Cable  Specifications 

One  primary  industry  standard  cable  specification  in  the  USA 
is  “ANSI/ICE A  Standard  for  Optical  Fiber  Outside  Plant 
Communications  Cable,  ANSI/ICEA  S-87-640-1999”  (ICEA- 
640). 5  “ICEA-640”  has  gained  acceptance  among  many  USA 
end  users.  In  Japan,  one  cable  standard  is  “Ribbon  Type 
Optical  Fiber  Cables,  D-106.”6  “D-106”  was  created  and  is 
referenced  by  many  of  the  Japanese  electric  power  companies 
and  their  telecommunications  subsidiaries.  Table  1 
summarizes  the  cable  mechanical  and  environmental 
performance  from  these  two  specifications. 


Table  1.  Sample  Mechanical  Performance 


ICEA-640 

D-106* 

Attenuation 

Coefficient 

<  0.5/0.4  dB/km  at 
1310/1550  nm 

<0.50  dB/km  at 
1310  nm 

Operating 

Temperature 

Range 

-40°C  to  +70°C 

-20°C  to  +60°C 

Installation 

Tensile 

Strength 

2670  N 

2060  -  3720  N** 

Crush 

220  N/cm 

196  N/cm 

Impact 

4.4  N*m,  2  impacts  at 
three  different  points 

4.9  N*m,  1  impact  at 
ten  different  points 

Cycle  Flex 
(Bending) 

25  cycles,  ±90°,  20X 
cable  OD  mandrel 
diameter 

5  cycles,  ±180°, 

2 OX  cable  OD 
mandrel  diameter 

Twist 

45-70  N***,±180°, 

2  m  cable  length,  10 
cycles 

245  N,  ±90°,  1  m 
cable  length,  3 
cycles 

Water 

Penetration 

1  m  cable,  1  m  head 
of  water,  1  hour 

Not  specified 

*  Mechanical  and  environmental  perfonnance  may  differ 
depending  on  cable  design  and  fiber  count. 

**  Specified  tensile  strength  depends  on  fiber  count. 

***  Tensile  load  during  twist  test  depends  on  cable  iameter. 

The  most  significant  differences  noted  in  Table  1  are  operating 
temperature  range  and  water  penetration  performance.  ICEA- 
640  is  used  primarily  in  North  America  covering  a  vast  land 
region  and  therefore  a  wide  temperature  range.  Japan  is  smaller 
in  size  with  a  more  limited  temperature  range  though  cables 
deployed  in  Hokkaido,  Japan’s  northernmost  island,  often 
require  performance  down  to  -30°C,  as  acknowledged  in  D- 
106.  The  ICEA-640  water  penetration  specification  is  common 
for  outdoor  cables  in  the  USA.  D-106  does  not  require  water 
penetration  performance  of  its  cable  designs.  Water  penetration 
is  an  important  parameter  in  long  term  outside  plant  cable 
performance.  7,8  Some  Japanese  end  users  specify  cable  designs 
with  a  water  penetration  requirement,  but  D-106  does  not.  The 
differences  in  performance  summarized  in  Table  1  are  also  a 
result  of  fundamental  design  differences  between  the  two  types 
of  cables.  The  design  of  the  cable  will  impact  the  mechanical 
and  environmental  performance  exhibited  by  a  particular  type 
of  cable. 
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5.  Common  Installation  Methods  in  the 
United  States 

Cable  installations  in  the  United  States  can  be  grouped  into 
three  categories:  duct,  direct  buried  and  aerial  Deciding 
which  installation  to  use  is  dictated  primarily  by  customer 
preference,  cost,  availability  of  facilities  (such  as  a  duct  system 
or  utility  poles),  and  local  restrictions.  Of  the  1998  USA  local 
exchange  carrier  installations,  38%  were  duct  installations, 
36%  were  buried  and  26%  were  aerial  installations.9  Duct 
installations  are  common  in  urban  areas  and  campus 
environments  where  duct  systems  are  already  in  place.  In 
recent  years,  some  customers  have  been  burying  multiple  ducts 
on  long  haul  routes  to  provide  the  flexibility  of  easily  pulling  in 
additional  cables.  Direct  buried  installations  are  common 
where  it  is  desirable  to  have  the  cable  out  of  sight  and  there  is 
no  duct  system  present.  It  is  used  in  many  residential  areas  as 
well  as  many  long  haul  routes.  Aerial  installations  are  common 
in  urban  areas  where  utility  poles  are  present  or  where  a 
customer  has  access  to  aerial  rights-of-way.  In  some  areas, 
particularly  new  housing  developments,  local  regulations 
prohibit  aerial  installations  because  of  the  perceived 
“unsightliness”  of  the  aerial  plant. 

Duct  installations  involve  pulling  or  “pushing”  a  cable  into 
semi-rigid  plastic  tubing  commonly  called  innerduct. 
Historically  cables  have  been  pulled  into  the  duct  by  means  of  a 
pull  line  either  by  hand  or  with  the  assistance  of  a  winch.  This 
is  a  straightforward  installation  and  is  very  common  (see  Figure 
7).  The  limiting  factors  are  friction  and  forces  resulting  from 
sidewall  pressure  in  bends.  In  long  installations,  a  mid-assist 
device  is  often  used,  commonly  a  winch-driven  wheel  around 
which  the  cable  wraps  to  provide  pulling  assistance. 


Figure  7.  Duct  Installation 

In  recent  years,  another  duct  installation  method  has  emerged, 
namely  air-assisted  cable  installations,  or  more  commonly 
referred  to  as  “jetting”  or  “blowing.”10  In  an  air-assisted 
installation,  the  cable  is  “pushed”  by  a  tractor  mechanism  while 
blowing  compressed  air  into  a  pre-installed  duct.  This 
technique  allows  the  cable  to  “float”  inside  the  duct  during 
installation  and  can  result  in  a  near  tension-free  installation. 
Key  advantages  to  jetting  are  reduced  installation  labor  and 
lower  material  expense.  In  both  pulled  and  air-assisted  duct 


installations,  lubricants  are  commonly  used  to  reduce  friction 
and  increase  installation  lengths. 

In  a  direct  buried  installation,  the  cable  is  plowed  or  trenched 
directly  in  the  ground.  Two  types  of  plowing  are  common.  In 
a  static  plow,  a  blade  slices  through  the  earth  and  places  the 
cable  in  the  ground.  In  a  vibratory  plow  the  blade  vibrates  as  it 
slices  through  the  earth  and  places  the  cable  in  the  ground  (see 
Figure  8).  Trenching  involves  digging  a  trench  then  placing  the 
cable  in  the  trench  and  backfilling  the  dirt  to  fill  the  trench  (see 
Figure  9).  The  use  of  trenching  or  plowing  is  dependent  on 
terrain,  soil  conditions,  equipment  availability,  environmental 
impact,  location  of  other  utility  lines,  etc.  Direct  buried 
installations  can  be  combined  with  duct  installations  to 
negotiate  obstacles,  particularly  roadways  and  railroads,  by 
direct  burying  up  to  the  obstacle  then  installing  duct  around  the 
obstacle. 


Figure  8.  Direct  Buried  Installation  -  Plow-In 
Method 


Figure  9.  Direct  Buried  Installation  -  Trenching 
Method 

Aerial  installations  are  less  popular  for  fiber  optic  cable  in  the 
USA  and  are  used  in  areas  where  the  terrain  is  unsuitable  for 
underground  installations  or  where  a  customer  has  access  to 
aerial  rights-of-way.  Two  types  of  aerial  installations  are 
common  in  the  USA:  lashed  and  self-supporting.  The  lashed 
aerial  method  is  a  two-step  process.  The  first  step  is  to  install  a 
supporting  wire  strand,  or  the  load  bearing  wire  for  the  optical 
cable.  This  strand  is  sometimes  referred  to  as  the  messenger. 
The  second  step  is  to  place  the  optical  cable  next  to  the 
supporting  strand  by  one  of  two  basic  methods,  dictated  by  the 
terrain  and  access  to  the  poles  and  supporting  strand.  The 
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drive-off,  or  moving  reel,  method  is  used  when  the  entire  route 
can  be  traversed  by  reel  carrying  vehicles.  The  cable  is  raised 
to  the  strand  and  lashed  in  one  operation  as  the  reel  is  moved 
along  underneath  the  strand  in  a  vehicle  (see  Figure  10).  The 
second  method,  stationary  reel  or  pull-in  method,  is  used  for 
cable  routes  that  are  inaccessible  to  vehicles.  The  cable  is 
pulled  in  beneath  the  strand  along  a  series  of  pulleys,  or  cable 
blocks.  Once  the  cable  is  in  place,  it  is  lashed  to  the  strand  (see 
Figure  1 1).  The  lashing  machine  secures  the  cable  to  the  strand 
by  wrapping  a  small  continuous  lashing  wire  around  both  the 
strand  and  the  cable  in  a  spiral  pattern.  One  or  two  wires  are 
typically  employed.  The  wires  are  typically  steel  but  dielectric 
ones  are  also  available. 


Figure-8  slotted  rod  cables  are  common  in  Japan  with 
constructions  similar  to  those  used  in  the  USA,  with  a  few 
variations.  The  variations  in  some  Japanese  Figure-8  cables 
include  a  “window”  in  the  web  and  an  optical  cable  overlength 
relative  to  the  strand11  (see  Figure  12).  The  basic  purpose  of  the 
window  is  to  allow  air  to  flow  through  the  web  to  minimize  the 
effects  of  galloping.  The  overlength  keeps  the  optical  cable  in  a 
relatively  strain-free  condition  as  the  supporting  strand  is 
tensioned.  The  windowed  web  has  been  used  for  many  years 
and  is  not  always  combined  with  the  optical  cable  overlength. 


Figure  10.  Aerial  Installation  -  Drive-Off  Method 


Figure  11.  Aerial  Installation  -  Stationary  Reel 
Method 

In  other  aerial  installations,  self-supporting  cables  are  used. 
These  cables  are  installed  in  one  step  since  the  supporting 
strand  is  integral  to  the  cable.  They  come  in  two  basic  types. 
The  first  is  the  “Figure-8”  self-supporting  cable  whereby  a  steel 
strand  is  joined  to  the  optical  cable  by  a  web  extruded  along 
with  the  jacket.  The  strand  provides  the  aerial  support  for  the 
optical  cable.  Figure-8  cables  use  pole  hardware  similar  to  that 
used  in  lashed  aerial  installations.  The  other  type  of  self- 
supporting  aerial  cable  is  a  concentric  design,  typically  all¬ 
dielectric.  This  design  typically  uses  additional  aramid  yams  to 
increase  the  tensile  load  bearing  capability  for  the  cable.  Its 
concentric  design  makes  it  less  susceptible  to  aerial  effects  such 
as  galloping 

6.  Common  Installation  Methods  in 
Japan 

As  mentioned  previously,  the  predominant  installations  in 
Japan  are  aerial  and  duct.  Aerial  plant  is  ubiquitous  as  are  duct 
systems,  particularly  in  urban  areas.  The  discussion  below 
reveals  that  Japanese  duct  and  aerial  installation  techniques 
have  some  significant  differences  compared  to  those  used  in  the 
USA. 


Figure  12.  Windowed  Web  With  Cable 
Overlength 

Lashing  is  used  on  aerial  cables  in  Japan  but  other  techniques 
for  attaching  the  optical  cable  to  the  strand  are  also  popular. 
One  such  method  is  the  “hangered”  design.  In  this  type  of 
installation  method,  the  supporting  strand  is  first  installed  but 
then  instead  of  lashing  the  cable  to  the  strand,  hangers  are 
clipped  to  the  strand  with  the  cable  resting  in  the  hangers.  The 
hangers  are  spaced  about  every  half  meter  (see  Figure  13).  As 
a  hybrid  between  lashing  and  hangers,  some  Japanese  installers 
use  a  spiral  preform  rod  wrapped  around  both  the  cable  and  the 
strand.  This  method  has  also  seen  some  use  in  the  USA  (see 
Figure  14).  Japanese  manufacturers  also  attach  the  cable  to  the 
strand  in  the  factory  using  lashing  wires  or  molded  plastic. 
Figure  15  depicts  the  molded  plastic  piece  connecting  the  cable 
to  the  supporting  strand.  Though  less  popular  than  Figure-8 
and  hangered  installations,  these  other  methods  have  been  in 
use  since  the  1980s  and  continue  today. 


Figure  13.  Aerial  Installation  -  Hangers 


International  Wire  &  Cable  Symposium 


517 


Proceedings  of  the  49th 


Figure  14.  Spiral  Preform  Rod 


Figure  15.  Molded  Plastic  Hanger 

Japanese  duct  installations,  like  installations  in  the  USA, 
typically  use  a  pull  tape  or  rope  attached  to  the  end  of  the 
optical  cable.  Depending  on  the  customer  in  Japan,  a  tractor 
pulling  system  may  be  used  for  mid-assistance  in  the  middle  of 
the  run  and  pulling  at  the  end  of  the  run  versus  a  winch-assisted 
wheel.  See  Figure  16  for  a  picture  of  this  device.  The  device 
squeezes  the  cable  between  the  two  belts,  pulling  it  along. 
Jetting  and  the  use  of  lubricants  are  not  widely  accepted  in 
Japan. 


Figure  16.  Tractor  Pulling  Device 


7.  Comparison  of  Installation 
Techniques 

In  many  respects,  installation  methods  in  the  USA  and  Japan 
are  very  similar.  Differences  have  grown  out  of  customer 
preference,  technology  and  the  urbanization  of  the  two 
countries.  One  obvious  installation  difference  caused  by  the 
urbanization  of  Japan  is  the  lack  of  direct  buried  installations. 


Direct  buried  installations  are  rare  in  Japan  because  of 
extensive  underground  utilities,  lack  of  open  area,  and  lack  of 
rights-of-way  that  can  tolerate  direct  buried  installations.  Other 
differences  include  methods  for  attaching  the  optical  cable  to 
the  supporting  strand,  techniques  of  through  splicing  in  the 
aerial  plant,  installation  lengths,  use  of  lubricants,  and  duct 
installation  methods. 

7.1  Methods  for  Attaching  the  Cable  to  the 
Supporting  Strand 

For  those  installations  where  the  optical  cable  is  attached  to  the 
strand  (cables  other  than  self-supporting)  distinct  differences 
exist  between  Japan  and  the  USA.  In  the  USA,  lashing  the 
cable  to  the  supporting  strand  in  the  field  is  the  predominant 
aerial  installation  method  and  is  typically  achieved  by  pulling  a 
lashing  machine  along  the  cable  and  supporting  strand  to  lash 
them  together.  Not  so  in  Japan,  where  the  cable  is  attached  to 
the  messenger  in  many  different  fashions  including  pre-lashing 
in  the  factory,  hangering  in  the  factory,  manual  lashing  with  a 
spiral  preform  rod  in  the  field  and  manual  hangering  in  the 
field.  The  choice  of  method  is  largely  guided  by  customer 
preference,  cost,  available  craftsmanship  and  available 
equipment. 

7.2  Techniques  of  Through  Splicing  in  the 
Aerial  Plant 

In  Japan,  the  aerial  plant  is  very  crowded.  Wires  and  cables 
run  in  every  direction  and  at  every  level  possible.  This  makes 
storing  any  cable  slack  on  the  supported  strand  difficult.  This 
is  one  of  the  primary  reasons  that  through  splicing  is  used 
rather  than  butt  splicing.  In  a  through  splice,  one  cable  enters 
one  end  of  the  closure  and  the  other  cable  enters  the  opposite 
end  of  the  closure.  In  the  USA  a  butt  splice  is  common 
whereby  both  cables  enter  the  same  end  of  the  closure  requiring 
one  cable  to  change  directions  on  the  strand  creating  a  loop- 
back  on  the  strand.  Due  to  the  crowded  aerial  plant,  butt 
splicing  is  not  done  in  Japan  but  rather  a  through  splice  is 
performed.  The  butt  splice  makes  the  splicing  configuration 
inside  the  closure  a  little  simpler.  Through  splicing  makes 
hanging  the  closure  and  cable  slack  storage  on  the  supporting 
strand  more  difficult. 

7.3  Installation  Lengths 

The  urbanization  of  an  area  can  greatly  impact  the  accessibility 
to  the  installation  area.  The  more  crowded  the  installation  area, 
the  more  difficult  the  installation.  In  Japan,  the  congested 
urban  areas  and  small,  narrow  streets  make  cable  installations 
difficult  thus  limiting  the  cable  lengths  that  can  be  installed.  It 
is  very  difficult  to  negotiate  a  nine  foot  reel  in  the  narrow 
streets  of  Tokyo!  The  estimated  average  optical  cable  length  in 
Japan  is  about  750  meters  while  the  estimated  average  length  in 
the  USA  is  about  3500  meters.  This  significance  difference 
reveals  the  fact  that  installations  in  Japan  are  more  difficult  and 
time  consuming  and  the  distances  between  urban  areas  in  Japan 
are  significantly  shorter. 

7.4  Use  of  Lubricants 

The  friction  encountered  in  duct  installations  can  be  greatly 
reduced  by  using  a  quality  pulling  lubricant.  Lubricants  have 
been  specially  designed  for  optical  cables,  both  for  pulling  as 
well  as  jetting  and  are  commonly  used  for  duct  installations  in 
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the  USA  to  make  the  installation  process  quicker  and  easier.  In 
Japan,  the  use  of  pulling  lubricants  is  infrequent  due  in  part  to 
the  relatively  short  installations,  but  those  who  do  use 
lubricants  may  have  an  advantage. 

7.5  Duct  Installation  Methods 

The  difference  in  duct  installation  methods  between  the  USA 
and  Japan  arise  from  differences  in  end  pulls  and  mid-assist 
techniques.  In  the  USA,  winch  driven  wheels  are  used  to  pull 
cables  from  the  end  and  at  mid-assist  points.  In  Japan,  tractor 
pulling  devices  are  sometimes  used  for  this  purpose,  which 
may  be  one  of  the  reasons  pulling  lubricants  are  not  more 
widely  used.  Equipment  availability  and  customer  preference 
are  the  primary  dictates  of  choosing  one  method  over  the  other. 

8.  Conclusions 

Both  countries,  Japan  and  the  United  States,  have  well 
established  networks  of  outside  plant  cables.  Stranded  loose 
and  single  tube  cables  are  predominant  in  the  USA  while 
slotted  rod  cables  are  the  mainstay  in  Japan.  Key  differences 
among  these  cable  designs  include  how  the  fibers  are 
identified,  grouped,  and  protected  within  the  cable  as  well  as 
cable  mechanical  and  environmental  performance  and  cable 
termination.  Key  differences  in  installation  techniques  include 
methods  for  attaching  the  optical  cable  to  the  supporting  strand, 
equipment  for  duct  installations,  cable  installation  lengths, 
techniques  for  through  splicing  in  aerial  installations,  and  the 
frequency  of  direct  buried  installations.  End  users  and 
installers  in  both  countries  could  leam  from  one  another  to 
improve  their  own  installation  methods  and  techniques. 
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Abstract 

Korea  Telecom(KT),  the  biggest  general  opertor  in  Korea  is 
widening  the  bandwidth  of  the  access  networks  based  on  fiber 
optics.  Air-blown  fiber  technology  that  blows  fiber  bundle  into 
small  diameter  tubes  was  taken  into  account  as  a  candidate  for 
fiber  link  construction.  Many  application  issues  like  compatibility 
with  conventional  cables,  network  design,  cost  and  more  were 
studied.  Series  of  tests  and  studies  showed  nice  results  and  led  to 
the  conclusion  that  the  technology  can  be  introduced  into  exsiting 
access  networks  without  conflict. 
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1.  Introduction 

To  provide  high  speed  internet  connection  and  leased  line  service 
to  customers,  KT  has  been  upgraded  existing  copper  networks  to 
fiber  based  ones.  However,  optical  access  network  construction 
costs  very  high,  finding  right  way  of  investment  has  very 
important  meaning. 

Air-blown  fiber,  originated  from  UK  and  spreading  into  building, 
campus  and  access  network  was  studied  for  adoption  into  KT’s 
networks. 

Laboratory  performed  several  tests  including  maximum  blow 
length  for  both  straight  and  curved  route,  temperature  cycling  and 
cable  joint  into  existing  loose  tube  closures.  The  center  and 
cascade  blowing  method  provided  was  proved  very  effcient  way 
for  minimizing  fiber  splice. 

In  the  aspect  of  network  design,  we  checked  economical  benefits 
of  the  technology  application  through  simulation  with  various 
design  criteria.  For  the  analysis,  we  divided  customer  areas  into  2 
regions  based  on  the  distance  from  central  office  and  applied 
different  service  demand.  Both  full  Air-blown  fiber  networks  and 
hybrid  structure  with  conventional  cable  were  considered. 

The  results  were  very  promising  because  the  application  not  only 
saves  installation  costs  at  present  but  guarantees  easy  network 
upgrade  in  the  future. 


2.  Tests  for  Compatibility  and 
Performance 

2.1  Closure  Accomodation 

Cable  joint  into  existing  closure  is  important  because  feeder  network 
construction  in  metropolitan  area  will  be  finished  by  the  end  of  year 
2000.  Mostly  they  were  constructed  with  loose  tube  cables.  In  this 
area,  Air-blown  fiber  can  take  the  role  of  distribution  and  drop 
branches. 

We  checked  connectablilty  with  several  major  closures  in  KT.  Most 
splice  trays  in  closures  hold  tubes  by  cable  ties.  Some  trays  do  not 
have  enough  seat  space  for  5mm  outer  diameter  tube,  but  it  can  be 
bypassed  using  extra  tube  of  3.5mm  diameter.  This  kind  of  extra 
tube  is  prevalent  in  most  closures  for  preparing  loose  tubes  onto 
trays.  In  this  case,  the  tube  is  inserted  into  the  blown  fiber  tubes  and 
it’s  opposite  concept  to  conventional  loose  tube  preparation. 


Figure  1.  Closure  with  blown  fiber  tube 


Air-blown  fiber  cable  does  not  require  excess  length  at  installation 
and  maintenance  because  fiber  splicing  is  not  necessary. 
Normally,  blowing  head  can  go  into  manhole  or  tube  end  can  go 
out  from  closure  for  operation. 

Excess  cable  length  for  future  joint  and  fiber  splice  is  main  cause 
of  manhole  congestion.  Tube  jointing  is  simple  compared  to  fiber 
splicing  that  requires  elaborate  fiber  preparation  and  equipment 
operation,  so  tube  route  can  be  simply  managed  in  manhole.  So, 
blown  fiber  closure  can  be  seated  inline  without  excess  length  and 
does  not  cause  additional  complexity  in  manholes. 
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2.2  Installation  at  Straight 

For  reference  of  the  performance,  we  measured  blowing  length  of 
fiber  bundles  in  straight  route.  Finding  nice  place  with  over  2km 
straight  and  even  surface  is  not  easy  in  city  area.  We  selected 
cement-paved  bank  of  river  with  total  length  of  2.3km.  The 
course  has  some  curves  but  they  are  very  slow  and  total  angle  is 
below  45  degrees. 


20  segments  of  100m  length  tubes  were  layed  and  connected.  Air 
flow  meter  was  used  to  check  the  flow  rate  at  the  supply  of  1 0  bar 
pressure. 

4,  8  and  12  fiber  bundles  were  bio  wed  into  different  length  of 
tube.  4  fiber  was  tested  at  1900m  and  8  fiber  was  at  1600m. 
During  the  installation,  bucking  was  occurred  several  times  and  as 
a  consequence,  the  blowing  speed  was  dropped.  Both  bundles 
reached  to  the  end  with  the  minimum  speed  of  lOm/min.  It 
seemed  that  fibers  could  go  farther  but  it  would  take  more 
installation  time  due  to  slower  speed. 

According  to  the  other  tests  we've  done,  fibers  can  travel  with  the 
speed  of  30m/min  at  1600m  for  4  fiber  and  1200m  for  8  fiber.  12 


0  ZOO  400  600  800  1000  1200  1400  1600  1800  2000 

Distant  e(m) 


Figure  3.  Air  flow  through  3.5mm  inner 
diameter 


fiber  was  tested  at  1300m  length  and  minimum  speed  was 
17m/min. 

The  straight  course  we've  tested  is  not  a  normal  access 
environment,  but  the  results  can  be  a  guide  for  such  cable  route  as 
along  railroad  or  highway. 

2.3  Installation  with  Bend 

For  this  test,  a  reference  route  was  devised.  The  path  has  1000m 
length  and  total  1800  degrees  bend  angle.  A  180  degrees  bend 
with  11cm  diameter  was  included  and  it  is  for  reflection  of  loop 
branch.  All  other  bends  have  60cm  diameter. 


4  fiber  bundle  traveled  well  as  expected  and  suffered  no  speed  drop. 
For  8  fiber,  it  took  42  minutes  and  speed  was  dropped  from  over 
half  distance. 

12  fiber  showed  better  performance  than  8.  It  can  be  explained  as 
that  the  more  symmetrically  flexible  structure  of  12  fiber  bundle 
would  undergo  less  friction  in  tube  while  installation. 

3.  Network  Design  Consideration 

3.1  Service  Penetration 

For  qualitative  analysis  of  the  economical  benefits,  three  patterns  of 
service  demand  were  considered. 


Table  1.  Supply  Model 


Model 

Service  Demand(%) 

i  y 

2yr 

3  yr 

4  yr 

5  yr 

A 

50 

70 

79 

83 

85 

B 

25 

40 

55 

70 

85 

C 

10 

15 

25 

45 

85 

The  pattern  A,  representing  metropolitan  or  central  commercial  area, 
has  high  initial  demand  and  gradual  increase  as  shown  in  Table  1. 
Based  on  the  demand  ratio,  we  calculated  necessary  number  of 
ONUs,  installation  and  products  cost  for  both  conventional  cable 
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Figure  5.  Performance  in  a  curved  route 


and  air-blown  fiber.  The  underdeveloped  or  reconstructing  area  will 
normally  have  low  initial  demand  and  in  the  final  stage  of 
development,  it  will  have  steep  demand  increase.  This  is  pattern  C. 
Mid-scale  city  that  has  linear  increase  was  marked  as  pattern  B. 

3.2  Core  Region 

We  devided  a  central  office  coverage  in  city  area  into  2  regions. 
One  is  core  region  where  most  important  customers  locate  densely 
and  the  other  is  the  outer  where  service  demand  is  relatively  low 
compared  to  core. 

For  typical  4  x  4km  square  area,  the  core  occupies  one  fourth  as 
shown  in  Fig.  6.  There  ard  one  or  more  feeder  and  many  branch 


cables  to  connect  customers.  Looped  feeder  connects  all  the  ONUs 
with  2  directions  for  network  stability  and  this  same  concept  applied 
to  the  blown  fiber  network. 

The  conventional  cable  network  has  fiber  splices  at  every  cable 
branch  but  blown  fiber  network  can  have  only  tube  joints  in  this 
region.  This  is  very  import  point  in  network  design  and  costruction 
considering  the  installation  time  and  cost. 

The  cost  analsis  for  this  region  are  listed  below.  The  cost  savings 
obtainable  from  5  year  application  of  air-blown  fiber  ranges  from 
18%  to  65%.  In  the  calculations,  we  expected  that  those  demands  at 


Figure  6.  Central  office  coverage  with 
(a)  shaded  core  region  (b)  conventional  cable  route  (c)  air-blown  route 
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Figure  7.  Investment  for  core  region 


every  year  will  surely  occur,  but  sometimes  it  is  totally 
unpredictable  in  the  real  world.  When  predicted  demand  is  not 
come  true,  pre-installed  conventional  cable  networks  will  be  just  a 
kind  of  over-investment. 

3.3  Outer  Region 

For  outer  region,  we  devised  2  stages  network  because  ONU 
locates  far  from  the  central  office  because  the  longer  blowing 
distance,  the  higher  installation  cost. 

Inner  route  acts  as  a  kind  of  feeder  and  outer  router  connects  with 
distribution  and  drop  cables.  When  a  demand  arises,  maximum 
possible  fiber-count  bundle  is  installed  through  inner  route  to  the 
splice  point  that  connects  inner  and  outer  route.  This  method 
need  fiber  splice  but  can  reduce  the  total  blowing  distance. 


3.4  Hybrid  Construction  for  Outer  Region 

It  is  true  that  applying  air-blown  fiber  into  the  situation  with  fixed 
fiber  demand  is  not  so  competitive.  As  indicated  in  the  results  of 
Figure  9,  high  initial  demand  can  be  regraded  as  a  kind  of  fixed 
one  and  in  this  case,  cost  effect  is  relatively  low  compared  to 
other  cases. 

Hybrid  construction,  only  inner  route  was  replaced  with 
conventional  cable  was  considered.  When  compared  to  core  area, 
economical  benefits  decrease  was  mainly  caused  by  long  distance 
blowing  to  ONUs,  so  installing  feeder  with  conventional  cable 
can  be  an  altanative. 

In  this  case,  all  supply  patterns  go  similar  and  cost  more  at  first 
year  compared  to  all  blown  fiber  construction  but  total  costs  of  5 
years  are  less  than  that.  Figure  10  shows  that  his  type  can  bring 


(b) 


Figure  8.  Central  office  coverage  with 
(a)  shaded  outer  region  (b)  air-blown  fiber  route(conventional  not  shown) 
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Figure  9.  Investment  for  outer  region 


Figure  10.  Investment  for  outer  region  with  hybrid  construction 


additional  7~13%  of  cost  savings  compared  to  all  blown  fiber 
networks. 

4.  Field  Tests 

In  the  back  yard  of  laboratory,  where  various  kinds  of  outside  plant 
facilities  are  tested,  several  kilometers  of  tube  cables  and  fiber 
bundles  were  installed.  Its  purpose  is  for  performance  evaluation  of 


the  cables,  fibers  and  installation  equipments  in  the  aspects  of 
outside  operation.  Aerial  route  construction  will  be  added  for  tests, 
too. 

Beside  these  tests,  some  field  trials  in  the  access  networks  that 
transmit  commercial  signals  will  be  carried  on  at  a  few  selected 
sites. 
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5.  Conclusions 

From  a  network  operator's  point  of  view,  air-blowing  fiber 
technology  was  studied  and  tested.  Many  test  and  simulation  results 
showed  its  promising  aspects  coming  from  the  property  of  supplying 
just  today's  fiber  demand. 

Economical  benefits  of  network  design  and  many  other  operational 
merits  including  inline  cable  joint,  minimum  chance  of  fiber  splice, 
fiber  upgradability  accroding  to  future  technology  development  and 
more  will  surely  make  the  technology  a  competitive  candidate  for 
KT's  access  network  construction. 


Youngtak  Lee 
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Abstract 

At  no  other  time  in  the  history  of  communications  has  the  race  to 
satisfy  the  global  demand  for  bandwidth  been  more  aggressively 
pursued  by  service  providers,  and  equipment  suppliers. 
Accordingly,  the  development  of  products  for  information  transport 
has  progressed  rapidly  with  new  application  based  fibers  leading  in 
fiber  network  deployments  around  the  globe.  In  this  article,  we  will 
discuss  the  field  installation  practices,  procedures  and  results  from 
installing  an  extensive  Non-Zero  Dispersion  Fiber  telecom¬ 
munication  system  in  Europe.  The  use  of  this  new  fiber  type 
required  that  correct  field  practices  and  procedures  be  observed  to 
guarantee  that  the  system  design  performance  requirements  were 
fully  met.  The  field  data  from  the  first  phase  of  Viatel’s  Pan- 
European  Network  confirm  that  low  splice  losses  and  excellent  end- 
to-end  losses  were  achieved  using  conventional  installation  methods 
and  standard  fusion  splicing  equipment  updated  to  current 
programs. 

1.  Introduction 

Worldwide  demand  for  more  bandwidth  in  communications  systems 
has  driven  the  development  of  optical  transmission  products  with 
more  wavelengths  and  higher  bit  rates.  These  new  products  place 
greater  requirements  on  the  transmission  medium  -  optical  fiber. 
The  development  of  new  fiber  types  designed  to  operate  in  these 
systems  requires  consideration  in  system  design  and  field 
installation  methods.  As  these  new  systems  are  deployed,  product 
manufacturers,  system  operators  and  installation  companies  are 
learning  that  they  must  cooperate  and  learn  together  to  provide  these 
new  services  economically  and  efficiently. 


David  P.  Tanis 
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Viatel’s  entry  into  Europe  began  with  a  challenge;  to  construct  a 
Pan  European,  facilities-based  fiber  network,  using  the  very  latest 
optical  technologies,  in  a  matter  of  months.  Among  the  many 
choices  reviewed  was  the  selection  of  optical  fiber.  It  was 
recognized  that  once  the  cable  was  installed,  it  would  have  to 
support  customers  well  into  the  new  millennium.  Because  of 
technology  and  system  advances,  Dense  Wavelength  Division 
Multiplexing  (DWDM)  and  10/40  Gb/s  bit  rates,  low  loss  and 
optimal  dispersion  characteristics  in  the  C  and  L  transmission  bands 
are  critical  requirements  for  system  design.  Viatel  selected 
TrueWave®  fiber  from  Lucent  Technologies,  and  became  the  first 
Pan  European  carrier  to  deploy  Non  Zero  Dispersion  Fiber  (ITU-T 
G.655  fiber)  in  their  backbone  network. 

To  meet  their  investor’s  commitments  and  internal  corporate  plans, 
Viatel  planned  a  very  aggressive  time  schedule  to  install  and  turn  up 
the  network.  To  meet  the  tight  construction  deadlines,  the  project 
management  team  used  local  firms  that  were  familiar  with  fiber 
placing  to  install  and  splice  the  cable.  And,  while  each  of  the  teams 
that  built  the  initial  phase  was  experienced,  Viatel  required  the  very 
best  network  installation.  Accordingly,  updated  classroom  training 
on  splicing  G.655  fiber  was  provided  to  all  teams. 

After  installation,  verification  of  the  quality  of  the  Phase  1 
installation  was  important  to  Viatel,  both  to  confirm  that  they 
received  what  they  paid  for  and  for  their  marketing  campaign  when 
they  present  their  fiber  network  specifications  to  their  end 
customers.  To  accomplish  this,  a  comprehensive  test  plan  was 
developed  and  an  extensive  program  consisting  of  end-to-end 
Optical  Time  Domain  Reflectometer  (OTDR)  readings  and  power 
meter  measurements  were  undertaken.  Each  type  of  test 
measurement  had  specific  purposes.  The  OTDR  measurements 
provided  both  the  end-to-end  span  loss  budget  information  for  the 
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fiber  and  all  splices  for  a  cable  segment  that  went  from  optical 
amplifier  to  optical  amplifier  and  the  individual  splice  losses.  The 
power  meter  measurement,  made  on  a  completed  regenerator  section 
containing  multiple  cable  spans,  provided  all  fiber  and  joining  losses 
from  the  transmitter  to  the  receiver.  The  purpose  of  the  plan  was 
twofold:  first,  to  establish  the 


Figure  1:  Pan-European  Route  Map 


end-to-end  installed  loss  of  the  optical  fibre,  and  second,  to  confirm 
the  quality  of  the  splicing. 

The  testing  results  are  important  because  they  provide  critical  base 
line  information  for  the  design,  operation  and  maintenance  of  the 
network  and  give  the  marketing  group  information  on  the  quality  of 
the  fiber  system  when  they  are  preparing  to  offer  clients  a  fiber  lease 
program. 

The  measurement  results  from  the  test  plan  were  excellent.  In  the 
end,  nearly  24,000  TrueWave  fiber  splices  were  tested,  with  an 
average  splice  loss  of  0.04  dB  per  splice.  More  significant  to 
Viatel’s  customers,  the  average  installed  and  spliced  path-loss  of  the 
70,000  km  of  NZDF  fiber  that  was  tested,  was  0.21  dB/km.  This 
finding  is  significant  for  several  reasons.  First,  generic  fiber  loss 
values  in  the  1550  nm  (DWDM  operating  range)  band  are  usually 
0.20  dB/Km  -  0.25  dB/Km.  The  test  results  show  that  TrueWave 
fiber  in  the  Viatel  network,  in  full  network  spans  with  splicing 
included,  is  at  the  low  end  of  the  range.  Second,  splicing  does  not 
add  significant  loss  to  the  loss  values  found  in  unspliced  fiber. 
Third,  installed  fiber  with  splices  falls  within  the  system  design 
parameters  for  DWDM  systems. 


2.  Why  Non  Zero  Dispersion  Fiber? 

Prior  to  the  Viatel  network,  all  Pan-European  networks  were  built 
with  conventional  or  “standard  singlemode”  fiber  -  which  is  a  part 
of  the  G.652  specification.  It  was  first  introduced  into  the  global 
market  in  1983  and  initially  optimized  for  long  distance  systems 
operating  in  the  1310  nm  transmission  band.  However,  in  the  early 
1990’s  increased  demand  for  transmission  capacity  by  system 
operators  required  advanced  technologies.  In  addition  to  increasing 
the  line  speeds  by  going  to  higher  bit  rates,  systems  were  being 
upgraded  by  adding  carrier  wavelengths  using  wavelength  division 
multiplexing.  Recently,  DWDM  systems,  initially  capable  of 
supporting  eight  wavelengths,  have  been  refined  to  operate  at  eighty 
or  more  wavelengths  over  the  C  and  L  transmission  bands  providing 
terabit  capacity. 

While  standard  singlemode  fiber  is  capable  of  supporting  1550  nm 
signals  at  speeds  of  2.5  Gb/s  and  greater,  it  can  prove  expensive  to 
upgrade  to  higher  bit  rates  and  additional  wavelengths  in  DWDM 
systems  because  of  the  dispersion  compensation  management 
required  to  reform  the  optical  pulse.  As  transmission  speeds 
increase,  even  more  dispersion  management  is  required  and  it  may 
be  both  technically  difficult  and  cost-prohibitive  to  run  40  Gb/s 
signals  over  G.652  fibers. 

Given  the  tremendous  advances  being  made  in  expanding  system 
bandwidth  using  DWDM  and  higher  bit-rate  transmitters,  fiber  type 
has  emerged  as  one  of  the  key  parameters  in  network  optimization. 
This  shows  in  global  purchasing  patterns.  Presently,  G.655  fiber 
designed  and  optimized  for  high  capacity  networks  utilizing  today’s 
and  tomorrow’s  new  transmission  technologies  is  the  choice  of 
network  providers.  Ensuring  Viatel’s  future  is  meeting  and 
exceeding  their  customers’  expectations  in  providing  the  best 
network  possible  today  and  tomorrow.  Continuing  advances  in 
technology  make  this  a  never-ending  task,  however,  using  the  best 
possible  technology  in  today’s  systems  provides  insurance  for 
tomorrow. 

3.  Splicing  Issues 

Since  its  introduction  in  the  mid- 1 990s,  NZDF  fiber  has  emerged  as 
the  new  standard  for  long-haul  networks.  The  reasons  for  the  strong 
market  acceptance  of  this  new  fiber  type  lie  in  the  optimization  of 
several  key  characteristics,  such  as  chromatic  dispersion  and 
dispersion  slope,  for  supporting  ultra  high  capacity  DWDM 
systems,  resulting  ultimately  in  superior  cost  per  bit  comparisons. 
Additionally,  in  achieving  this  optimization,  certain  fiber 
parameters,  such  as  index  profile,  are  typically  more  complex  for 
NZDF  fibers  than  for  standard  G.652  fibers.  ^  This  complexity  can 
affect  the  fusion  splicing  characteristics  of  NZDF  fibers.  Since 
splice-loss  expectations  affect  system  design,  typical  splice  loss 
distributions  must  be  determined.  [2]  In  addition,  fusion  machines 
must  be  updated  using  appropriate  programs  developed  by  the 
fusion  machine  manufacturers  in  cooperation  with  the  fiber 
manufacturer,  to  provide  low  loss  splicing  of  these  new  fiber  types. 
[3] 
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Figure  2:  Phase  1  Splice  Loss  Data  -  True  Wave  Fiber 
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In  the  case  of  the  Viatel  network,  the  complexity  of  the  construction 
project  was  increased  by  the  fact  that  Phase  1  was  installed  by 
different  sub-contractors  using  different  splicing  machines  and 
having  varying  degrees  of  experience  and  skill  level  and  operating  in 
various  countries.  Despite  all  these  factors,  the  completed  Phase  1 
system  met  or  exceeded  all  design  goals 

4.  Training 

It  is  important  to  pay  particular  attention  to  whole  life  cost  issues 
when  any  new  or  revised  technology  is  introduced  to  the  field. 
Accordingly,  improvements  in  splicing  and  placing  can  improve 
system  performance  and  network  profitability.  Phase  1  of  Viatel’s 
Pan-European  project  represented  the  first  major  deployment  of 
NZDF  fiber  in  Europe.  Although  the  differences  between  G.652, 
used  within  traditional  networks,  and  G.655  fiber  are  relatively 
small  from  a  craft  perspective,  it  was  considered  advisable  to 
provide  upgrade  training  on  splicing  and  cable  installation  to  the 
country  based  installation  companies. 

To  be  as  effective  as  possible  in  transferring  G.655  technology  from 
source  experts  to  the  field,  relevant  fiber  courses  were  reviewed  and 
revised  along  with  an  update  of  course  instructors.  To  introduce 
G.655  to  the  craft,  a  rolling  pan-European  training  program  was 
implemented  to  the  installation  groups  on  the  key  differences  in 
fiber  handling  and  splicing  via  classroom  training  and  field 
assistance.  Results  from  craft  training  and  field  assistance  resulted  in 
a  well  deployed  and  installed  physical  network  with  excellent  splice 
losses  and  very  good  end-to-end  fiber  measurements 

5.  Splice  Loss  Results 

Local  contractors  in  each  country  used  their  standard  single-fiber 
splicing  equipment  and  procedures  to  perform  installation  and 
splicing.  This  means  that  each  contractor  used  the  fusion-splicing 
machine  that  they  had  on  hand  and  with  which  they  were  familiar. 
The  splicing  software  programs  were  updated  to  the  latest  version 
recommended  by  the  machine  manufacturer  for  G.655  fiber. 


Figire  3:  A  to  B  -  One-Why  OIDR 
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Splicing  machine  estimates  were  initially  used  to  remake  splices. 
Actual  splice  losses  were  confirmed  using  OTDR  and  unacceptable 
splices  were  remade.  Even  though  splicing  machines  from  several 
different  manufacturers  were  used  the  splice  losses  were  very 
uniform  over  the  entire  system.  The  splice  loss  distribution,  Figure 
2,  was  measured  using  bidirectional  OTDR  measurements  at  1550 
nm.  A  mean  splice  loss  of  0.04  dB  was  achieved  for  almost  24,000 
splices  with  an  acceptable  number  of  remakes.  As  fiber  and  splicing 
machine  manufacturers  continue  to  improve  their  respective 
products,  we  expect  that  field  splicing  will  continue  to  improve  in 
loss  and  productivity  as  it  has  for  conventional  fiber  over  the  years. 


6.  System  End-to-End  loss 

The  Figures  3,  4  and  5  show  the  OTDR  measured  end-to-end  (two- 
point)  loss  for  several  typical  sections  of  the  Phase  1  system  (60  to 
80  Kms).  Figures  3  and  4  show  the  loss  in  each  of  the  two 
directions  and  Figure  5  shows  the  bidirectional  average  end-to-end 
loss  in  dB/Km.  The  range  of  one-way  readings  is  very  consistent 
with  a  few  exceptions.  Three  paths  in  the  data  shown  had  end-to- 
end  loss  greater  than  0.26  dB/Km.  Examination  of  the  OTDR  traces 


Figure  4:  B  to  A-  One-Way  OIDR 
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Egune  5:  A/B  OTDR  Average 
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End-to-End  Path  Loss  (dB/Km) 

on  these  paths  showed  that  these  were  in  error  due  to  improper 
handling  of  the  up  front  reflection.  Maximum  loss  was  0.22  dB/Km 
for  the  76.55  Km  leg  for  example. 

The  average  measurements  are  even  more  uniform,  as  would  be 
expected.  Two  paths  had  total  loss  slightly  above  0.25  dB/Km, 
however,  these  paths  were  well  within  the  loss  budget  since 
allowance  for  splice  loss  is  included.  All  end-to-end  path  losses 
include  all  splicing  and  are  well  within  the  design  budget.  Over 
99%  are  below  the  loss  budget  for  the  fiber  only  before  splicing,  of 
0.25  dB/Km.  This  shows  that,  even  with  additional  loss  due  to 
splicing,  the  span  losses  are  very  low. 

7.  Conclusion 

NZDF  fiber  networks  are  no  more  difficult  to  install  than 
conventional  single-mode  fiber  networks.  There  are  differences  in 
the  fiber  design  and  geometry  between  G.652  and  G.655  fiber; 
however,  with  use  of  NZDF-specific  splicing  machine  programs  and 
appropriate  training  of  installation  crew  members  and  supervisory 
personnel,  high-tech  application-specific  fiber  networks  are  easy  to 
install  and  excellent  results  are  readily  achievable. 

Optical  fiber  type  has  emerged  as  a  critical  component  in  the  overall 
design  of  ultra-high  capacity  DWDM  optical  networks.  Selecting 
the  right  fiber  type  for  specific  network  functionality  is  now  made 
easier  because  of  advancements  in  splicing  techniques.  Key  fiber 
parameters,  which  affect  system  performance,  can  be  measured  at 
the  manufacturing  location.  However,  splice  loss  and  installed  end- 
to-end  loss  must  obviously  be  tested  in  the  field.  Entire  fiber  spans 
must  be  measured  for  span  performance  parameters  -  and  the 
splicing  must  be  the  best  it  can  be. 

The  extensive  testing  that  Viatel  undertook  upon  completion  of 
Phase  1  of  their  network  verified  the  excellent  splicing  and  installed 
loss  results  for  their  TrueWave  NZDF  fiber  network.  These  results 
provide  a  baseline  for  planning  loss  budgets,  and  for  performance 
assurances  for  dark  fiber  customers  who  are  constructing  high 
capacity  DWDM  networks  across  Europe. 
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Abstract 

A  complete  portfolio  of  products  and  services  has 
been  developed  to  carry  out  installations  in  rivers 
and  lakes  in  many  different  conditions. 

1.  Introduction 

In  the  last  few  years  rivers  and  lakes  (R&L)  have 
increasingly  been  used  as  rights  of  way  (RoW), 
and  to  meet  this  a  number  of  cable  and 
components,  as  well  as  installation  methods  have 
been  developed  and  tested. 

The  main  feature  of  R&L  as  an  RoW  is  that  it 
provides  a  quick  and  inexpensive  means  of  cable 
deployment  for  new  operators  who  do  not  have 
access  to  the  ‘hormal”  RoW’s.  R&L  also  provides 
an  opportunity  to  reduce  significantely  the  time  to 
market  for  high  capacity  fibre  optic  cables. 

The  main  countries  where  the  developed  products 
and  methods  have  been  used  are  France,  Norway 
and  Switzerland: 

France 

•  700  km  in  rivers 

•  Marinised  terrestrial  cable 

•  Cable  trenched  into  riverbed 

Norway 

•  1500  km  in  rivers  and  lakes 

•  Submarine  type  cable 

•  Cable  laid  on  river  and  lakebed 

Switzerland 

•  250  km  in  lakes 

•  Marinised  terrestrial  cable 

•  Cable  laid  on  lakebed 


An  R&L  project  can  be  point  -  point  systems  up  to 
400  km  without  intermediate  amplification,  or 
Festoons  with  multi-cable  landings..  In  figure  1  is 
shown  an  example  of  a  Festoon  installed  in  Lake 
Geneva  totalling  100  km  of  cable. 


Figure  1.  Lake  Geneva  Festoon 

R&L  is  a  symbiosis  of  submarine  and  terrestrial 
technology,  and  the  total  solution  takes  parts  from 
each  area.  Each  project  is  different  from  the 
previous  and  thus,  each  one  must  be  engineered 
individually. 

A  total  R&L  project  may  therefore  involve  a 
number  of  “Work  Packages”,  depending  on  the 
nature  of  each  project: 


i  Project  Manager 


Cable 

!  Manufacturing  1 

Water 

Installation  ! 

Land 

Installation 

Jointing/  ; 
Testing 

Transmission 

equipment 

Project 

Services 

1  . 

. I . 

| 

1 . 

1'"  - 

I  Underwater  ; 

|  Terrestrial 

Survey  j 

Laying  ; 

Trenching 

Buildings 
Trenches 
Manholes  : 

1  Laying  | 

Beach  joint 
Offshore  joint  • 
Commissioning 
Repair  j  : 

I  Manufacturing 
Installation 
Testing 

Commissioning  : 

Permits 

Access 

;  Accomondation 
Transport 

Figure  2.  R&L  project  organisation 
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An  R&L  project  will  therefore  be  made  up  of  a 
combination  of  different  elements  from  the  total 
R&L  product  portfolio: 

Cable 

•  Steel  tube  design 

•  Plastic  tube  design 

•  Duct  cables 

•  Direct  burial  cables 

Componenets 

•  Landline 

•  Marinised  landline 

•  Submarine 

Installation 

•  On  river  or  lake  bed 

•  Buried  in  river  or  lake  bed 

•  Installation  in  river  bank 

•  Local  concepts 

•  Combinations  of  special  and  local  concepts 

Transmission  equipment 

•  SDH 

•  IP 

2.  Cable  Solutions 

In  addition  to  ‘hormal”  duct  and  direct  burial 
cables  for  use  in  dry  sections  of  an  R&L  project,  it 
is  developed  two  principaly  different  families  of 
submarine-  and  underwater  cables  where  fibres  are 
contained  in  steel-  and  plastic  tubes  respectively, 
with  the  following  main  characteristics: 

Steel  tube 

•  Fibres  in  steel  tube 

•  Derived  from  submarine 

•  Modularity  48  or  96 

•  Lengths  up  to  200  km 

•  Low  weight/small  diameter 

•  Underwater,  in-line  joints 

•  Underwater  branching  units 

Plastic  tube 

•  Fibres  in  plastic  tube 

•  Terrestrial  cable  core  in  Al-tube 

•  Modularity  6,  12,  24 

•  Lengths  up  to  20  km 

•  Shallow  water  j oint 


Tensile  strength  is  an  important  parameter  that 
must  be  chosen  as  a  compromise  between  high 
strength  (heavy  armour)  to  meet  the  installtion  and 
operation  strains,  and  the  need  for  lighter  cables 
(light  armour)  to  be  able  to  use  light  installation 
methods. 

As  a  guideline  the  following  can  be  used  in 
selecting  tensile  strengths: 

•  buried  cables  in  rivers  10-30  kN 

•  unburied  cables  in  a  river  or  lake  with  little 
possibility  for  anchour  damages  30-100  kN 

•  unburied  cables  in  a  river  with  strong  rapids  or 
possibilities  for  anchor  damages  150-400  kN 

2  A  Steel  Tube  Cables 

The  steel  tube  family  is  a  complete  range  with 
cables  in  tensile  strengths  from  10  kN  up  to  400 
kN,  with  fibre  counts  up  to  384,  and  is  a 
combination  of  the  URC-1  (submarine)  cable 
family,  and  the  RLC- 1  (special  R&L)  cable  family. 

Both  these  steel  tube  families  are  based  on  the 
same  technology,  and  use  the  same  accessories. 
Thus,  this  range  should  meet  all  requirements  that 
might  arise  in  an  R&L  project. 


Figure  3.  192  fibre  RLC-1  type  cable 

The  192  fibre  RLC-1  cable  has  48  fibres  in  each  of 
four  steel  tubes  (4),  an  inner  sheath  (8),  one  layer 
of  armouring  (9)  and  an  outer  sheath  (11).  The 
diameter  is  20  mm,  the  weight  is  0.7  kg/km, and  the 
NTTS  is  30  kN. 
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Figure  4.  384  fibre  RLC-1  type  cable 

The  384  fibre  RLC-1  cable  has  96  fibres  in  each  of 
four  steel  tubes  (1),  Insulated  armour  wires  (2)  and 
and  outer  sheath  (3).  The  diameter  is  22  mm,  the 
weight  is  0.6  kg/m  and  the  NTTS  is  20  kN. 

2.2  Plastic  tube  cables 

The  plastic  tube  cables  are  low  tensile  strength 
cables  (10  kN)  with  fibre  counts  up  to  584 
developed  for  R&L  applications,  and  consists  of 
two  separate  families  of  marinised  land  cables 
called  RLC-2  and  RLC-3. 


Figure  6.  216  fibre  RLC-3  type  cable 


The  216  fibre  RLC-3  cable  has  an  FRP  central 
strength  member  (1),  12  fibres  in  each  of  18  plastic 
tubes  (2),  an  inner  sheath  (3),  an  extruded 
aluminium  sheath  (4),  an  intermediate  sheath  (5), 
two  layers  of  flat  steel  armour  (6),  and  an  outer 
sheath.  The  diameter  is  32  mm,  the  weight  is  2.2 
kg/m  and  the  NTTS  is  9  kN. 


3  Installation 


Figure  5. 192  fibre  RLC-2  type  cable 

The  192  fibre  RLC-2  cable  has  a  sheathed  central 
steel  strength  member  (1),  eight  plastic  tubes  with 
24  fibres  in  each  (2),  a  welded  aluminium  tape  (3), 
an  inner  sheath  (4),  and  insulated  armour  wires  (5). 
The  diameter  is  20  mm,  the  weight  is  0.6  kg/m, 
and  the  NTTS  is  10  kN. 


A  cable  in  an  R&L  project  may  be  laid  in  a 
number  of  different  ways,  depending  on  the  bed  of 
the  river  or  lake,  requirements  for  protection, 
crossings  of  other  cables  or  pipelines,  landing 
conditions,  etc.  However,  these  may  be 
summarised  as: 

•  Lay  cable  on  the  river-  or  lakebed  with 
trenching  only  at  landings  and  crossings 

•  Trench  cable  completely 

•  Lay  ducts  on  the  river-  or  lakebed  with 
limited  trenching,  and  pull  in  cables  when 
needed 

•  Trench  ducts  completely  and  pull  in  cable 
when  needed 

These  installations  can  be  earned  out  in  either  of 
several  ways 

•  Transported  solution,  where  the  complete 
equipment  is  shipped  to  installation  site,  and 
carry  out  the  complete  installation  with  own 
personnel. 

•  Combined  solution,  where  only  specialised 
equipment  (drum  pay-offs,  caterpillars, 
trenchers,  etc)  are  shipped  out  to  be  operated 
by  own  personnel,  but  use  local  barges, 
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boats,  tugs,  etc  to  be  operated  by  local 
personnel. 

•  Local  solution,  where  only  local  equipment 
and  personnel  are  used. 

3.1  Transported  solution 

A  completely  self  contained  concept  for  laying 
cable  on  a  river-  or  lake  bed  has  been  developed  in 
Norway.  The  boat  and  an  equipment  container  is 
transported  on  one  truck,  and  floats  for  storing 
cable  on  another  truck.  This  equipment  has  been 
transported  all  over  Norway  (4000  km  long)  and 
has  been  used  to  install  about  1500  km  of  cable. 
Impressions  of  this  concept  is  shown  below. 


Figure  7.  Road  transport  of  the  boat 


Figure  8.  Laying  cable  directely  from  the 
boat 

With  the  drum  on  the  boat  10  km  continous 
lengths  can  be  laid,  and  with  the  drum  on  a  barge 
30  km  continous  lengths  can  be  laid  (cable  with  20 
mm  OD  and  weight  0.5  kg/m).  The  laying  speed  is 
>1  km/hour,  and  the  maximum  laid  depth  is  400 
m.  The  draft  of  the  boat  isl  m. 


Figure  9.  Laying  cable  from  a  drum  on  a 
barge 

As  can  be  seen  from  figure  9  the  operation  can  also 
be  carried  out  during  the  winter,  as  long  as  the 
river  or  lake  does  not  freeze  up. 

3.2  Combined  operation 

In  a  combined  operation  specialised  equipment  has 
to  be  transported,  and  some  general  equipment 
should  be  chartered  locally.  The  split  will  vary 
from  project  to  project,  but  a  general  view  may  be: 

Transportable  equipment 

•  Cable  pay-offs 

•  Caterpillars 

•  Sheaves 

•  Cableways 

•  Trenchers 

Local  equipment 

•  Cranes 

•  Barges 

•  Tugs 

Below  are  shown  some  examples.  In  figure  10  is 
shown  a  large  barge  (which  could  be  locally 
chartered)  equipped  with  drum  payoffs,  cableways 
and  sheaves  that  could  be  transported  as  special 
equipment.  The  necessary  tugs  or  other  barges 
used  for  propulsion,  should  also  be  chartered 
locally. 

In  figure  11  is  shown  a  large  plough  (it  is  more 
than  2  m  tall),  which  would  in  most  cases  be  a 
special  piece  of  equipment  that  has  to  be  brought 
to  the  installation  site. 
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Figure  10.  Installing  3  cables 
simultaneously 


Figure  11.  River  bed  plough 

The  equipment  shown  in  figures  10  and  11  have 
been  used  in  French  rivers. 

3.3  Cable  landings 

Cable  landings  normally  need  special  protections, 
as  this  is  where  the  danger  of  damage  is  largest, 
and  cables  are  therefore  buried  in  this  section  even 
if  they  are  only  laid  on  the  river  or  lake  bed  on  the 
rest  of  the  route. 

In  ‘jettable”  soils  the  cable  is  protected  by  a  heavy 
PE  pipe  which  is  then  trenched  by  water  jetting,  as 
shown  in  figure  12. 


In  a  lake  landing  a  polymer  pipe  should  be  used 
down  to  a  water  depth  of  about  10  m,  and  it  should 
be  trenched  to  a  depth  into  the  soil  of  more  than 
0.5  m.  In  figure  13  is  shown  two  cables  entering 
heavy  polymer  pipes. 


Figure  13.  Cable  laid  on  the  lakebed 
entering  a  heavy  polymer  pipe  at  landing. 

If  the  lakebed  is  not  trenchable  (rock),  the  heavy 
polymer  pipes  should  be  bolted  to  the  landing  rock 
as  shown  in  figure  14: 


International  Wire  &  Cable  Symposium 


534 


Proceedings  of  the  49th 


Figure  14.  Heavy  polymer  pipe  bolted  to 
landing  rock. 


4.  Jointing 

In  order  to  make  up  a  complete  R&L  system 
various  jointing  technologies  are  required: 

•  Beach  joint  between  “wet”  and  “dry”  cable 

•  Planned  joints  during  manufacturing  or 
installation  to  achieve  a  long  cable  length 

•  Repair  of  damaged  cable  during  installation 

•  Branch  off  to  a  landing  from  a  long  main 
cable 

•  Deep  (>10  m)  and  shallow  water  solutions 
(<10  m) 


A  beach  joint  is  normally  made  in  manholes 
similar  to  the  one  shown  in  figure  15,  and  as  can 
be  seen,  it  is  basically  similar  to  a  terrestrial  joint 
manhole. 

The  joint  closure  that  has  been  used  as  a  beach 
joint  is  a  terrestrial  closure  similar  to  the  one 
shown  in  figure  16. 


Stackable 

FiberArt 

Modules 


Figure  16.  Beach  joint  closure 


For  submarine  joints  at  depths  greater  than  about 
10  m,  a  submarine  joint  closure  with  bend 
restrictors  has  been  developed.  This  is  the  same  as 
is  used  for  submarine  cables,  and  an  outline  of  this 
joint  is  shown  in  figure  17. 

Bend  restrictors  are  use  for  heavy  armoured  cables 
at  depths  greater  than  about  200  m.  Thus,  in  most 
river  and  lake  cables  a  bend  restrictor  is  not  found 
to  be  necessary. 


Figure  17.  Deep  water  joint  with  bend 
restrictor. 


Figure  15.  Beach  joint  manhole 


Without  the  bend  restrictor,  the  diameter  of  the 
joint  closure  is  10  cm  and  the  length  is  40  cm. 
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Two  versions  of  the  deep  water  joint  closure  have 
been  developed,  one  for  up  to  48  fibres  and  a 
longer  housing  for  up  to  192  fibres.  More  than  200 
of  these  joints  are  in  use  worldwide,  and  they  are 
rated  for  depths  down  to  3000  m. 

In  shallow  rivers,  where  the  joint  box  do  not  have 
to  support  the  cable  during  laying  and  possible 
retrieval,  a  simpler  jointing  box  has  been 
developed.  This  is  shown  in  figure  18. 


Figure  18.  Shallow  water  joint 

In  cases  where  two  or  more  cable  ends  are  to  be 
taken  ashore  from  a  long  Festoon,  an  off  shore 
branching  unit  has  been  developed.  The  principle 
and  an  actual  branching  unit  is  shown  in  figure  19. 
The  branching  unit  is  completely  passive,  and 
distributes  fibres  from  one  arm  into  the  other  two 
arms. 


Figure  19.  Branching  Unit 


5.  Cost  Considerations 

Different  methods  of  installation  and  cables  and 
components  used  will  have  different  costs 
intitially,  and  also  over  time.  For  example  will 

•  a  cable  laid  cable  on  a  river  or  lake  bed 
involve  a  light  (and  low  cost)  installation 
method,  but  a  heavy  (and  more  expensive) 
cable. 

•  a  cable  trenched  into  the  riverbed  involve 
heavier  installation  equipment,  but  lighter 
cable 

•  a  cable  pulled  into  a  pipe  that  has  been 
prelaid  and  pretrenched  involve  the  heaviest 
installation  equipment,  but  the  lightest  cable 

On  the  other  hand 

•  Installing  all  possible  fibres  initially  gives  the 
highest  financial  risk  (since  all  fibres  may  not 
give  a  return  initially) 

•  Installing  cable  when  needed  is  less 
financially  risky. 

Thus,  an  evaluation  of  the  the  life  cycle  costs  of 
R&L  projects  in  different  configurations  has  been 
carried  out,  based  on  a  10  year  period,  taking  into 
account  cable  and  component  costs,  installation 
cost,  required  repairs  over  the  10  years,  etc. 

In  many  cases  an  R&L  project  also  involves  use  of 
the  river  or  lake  bank  (instead  of  installing  the 
cable  in  the  water),  and  calculations  have  been 
earned  out  also  for  this  solution,  for  comparison. 

The  life  cycle  cost  results  according  to  these 
calculations  are  shown  in  figures  20  and  21 
(relative  to  untrenched  cable  with  all  fibres 
installed  initially): 


Un-trenched  cable 

1 92  fibres  installed  initially 

100% 

Un-trenched  cable 

48  fibres/year  in  4  years 

350  % 

Trenched  cable 

1 92  fibres  installed  initially 

370  % 

Trenched  ducts 

48  fibres/year  in  4  years 

870  % 

Figure  20.  Relative  installation  cost  in 
River  &  Lake  bed 
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Trenched  cable 

192  fibres  installed  initially 

310% 

Trenched  ducts 

48  fibres/year  in  4  years 

550  % 

Figure  21.  Relative  installation  cost  in 
River  &  Lake  bank 

Thus  for  any  project  it  is  necessary  to  evaluate  the 
risk  for  damage,  but  it  is  clear  that  laying  cable  on 
the  bed  of  a  river  or  lake  is  far  less  expensive  than 
burying  the  cable.  A  risk  for  damage  may  be 
compensated  by  an  even  heavier  armouring,  and 
still  give  a  less  expensive  system  than  if  the  cable 
is  buried  into  the  river  or  lake  bed. 


6.  Conclusion 

A  complete  concept  for  using  rivers  and  lakes  as 
right  of  way  for  installing  telecom  cables  has  been 
developed. 
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Abstract 

Optical  fiber  is  on  its  way  to  conquer,  after  the  long  haul  network, 
also  the  access  network.  The  specific  needs  for  optical  access 
networks  has  lead  to  innovative  solutions.  An  overview  and 
current  state  of  art  is  given  of  such  solutions,  all  based  on  small- 
size  guide-tube  systems:  copper  twisted-pair  and  coaxial  networks 
which  can  migrate  to  optical  fiber,  “grow-with-market”  optical 
networks  for  greenfield  situations  and  shared  access  networks 
where  telecom  operators  can  rent  optical  connections. 

Keywords 

Access  network;  cable;  outside  plant;  optical  fiber;  copper  twisted¬ 
pair;  coax;  migration;  small-size  guide-tube  system;  air-blowing. 

1.  Introduction 

Deregulation  of  the  telecommunications  market  has  caused  a  rapid 
growth  of  existing  networks  and  many  new  networks  are  being 
built  now.  Most  of  the  investments  until  now  were  in  the 
backbone  network.  But  the  big  boom  has  still  to  come: 
reconstruction  of  the  access  network.  The  requirements  needed  for 
optical  access  networks  has  lead  to  innovative  solutions,  based  on 
small-size  (7  or  10  mm)  guide-tube  systems.  They  allow  growth  in 
a  competitive  environment.  Migration  of  current  networks,  both 
traditional  telecommunications  and  CATV,  to  optical  networks  is 
also  addressed.  An  overview  and  current  state  of  art  is  given  of 
those  solutions,  all  of  them  based  on  said  guide-tube  systems. 

2.  Small-size  Guide-tube  Systems 

The  guide-tube  system  is  a  new  concept  for  optical  access 
networks  which  takes  away  the  limitations  of  traditional 
technology  [1,2].  It  consists  of  bundles  of  individual  guide-tubes 
running  through  a  protective  HDPE  duct  network.  A  trunk  duct 
runs  through  the  streets  and  smaller  ducts  branch  to  the 
subscribers.  Low-cost  splittable  “clip-on”  branching  connections 
are  used  which  can  be  placed  at  any  place  and  any  time  (see 
Figure  1).  After  connection  of  the  chosen  guide-tubes  to  each 
other  individual  paths  are  created.  Here  miniaturized  cables  can 
be  installed  without  splice,  e.g.  by  simply  pushing  or  using 
compressed  air.  These  cables  are  copper  twisted-pair  (1  quad)  or 
optical  (2-48  fibers)  cables.  Also  coaxial  cables  can  be  blown  in 
the  guide-tube  systems.  All  cable  constructions  offer  excellent 
resistance  to  outside  plant  conditions  and  handling.  The  bundle  of 
guide-tubes  does  not  entirely  fill  up  the  protective  duct  to  offer 
sufficient  mechanical  protection  [3],  to  make  all  tubes  accessible 
at  any  place  and  for  ease  of  installation  of  the  bundle. 


Figure  1.  Clip-on  Y-connector  for  branching  a 
guide-tube.  A  mini-cable  passes  here  without 
splice. 

The  concept  can  be  completed  with  optional  joint  boxes  to 
connect  cables  from  feeder-,  distribution-  and  drop-part  of  the 
access  network.  Separate  protective  ducts  may  be  used  for  these 
parts  of  the  network  but  integrated  solutions  are  also  possible.  The 
new  concept  is  less  costly  than  traditional  techniques  for  optical 
access  networks.  It  solves  today’s  problems  connecting  business 
customers  and  brings  FTTH  within  reach. 

3.  Copper  Twisted-pair  to  Optical  Fiber 

In  the  Flashnet  project  newly  built  copper  twisted-pair  access 
networks  were  prepared  for  future  migration  to  Fiber  To  The 
Home.  It  started  with  the  JetNet  project  [1].  A  solution  was  found 
for  migrating  that  part  of  the  access  network  that  is  the  most 
difficult:  the  outermost  offshoots  with  their  numerous  branches. 
Protective  HDPE  ducts  are  loosely  filled  with  bundles  of  (7  mm) 
guide-tubes  in  which  individual  single  quad  (1x4)  cables  can  be 
blown.  By  using  simple  clip-on  Y-connectors  for  the  tubes, 
branches  in  the  network  can  be  made  at  any  place  and  time, 
without  the  need  to  splice.  In  the  future  optical  fibers  can  replace 
the  copper  quads.  The  first  trial  was  carried  out  in  December 
1996,  the  first  operational  pilot  in  September  1997. 

Next,  the  concept  was  further  developed  for  the  area  more  close  to 
the  local  exchange.  Here  larger  copper  cables  are  used.  From  the 
central  office  armored  450x4  feeder  cables  are  direct-buried  into 
the  ground  (see  Figure  2).  They  are  spliced  to  3  unarmored  150x4 
feeder  cables  which  are  blown  into  63/51  mm  HDPE  ducts  (see 
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Figure  3).  Next  splice  is  to  3  (or  4)  50x4  (or  25x4)  distribution 
cables  which  are  blown  into  40/32  mm  ducts.  The  distribution 
cables  follow  the  streets  in  the  residential  areas,  each  serving  80 
subscribers  (20%  stock  capacity).  Finally  the  drop  cables,  single 
quads  installed  in  bundles  of  7  mm  guide-tubes  in  40/32  mm 
ducts,  are  spliced  to  the  distribution  cables  by  means  of  up  to  6 
joint  boxes.  They  branch  to  the  houses. 


Figure  2.  Schematic  view  Flashnet  network 
structure. 


Figure  3.  Air-blowing  3.8  tons  (world  record)  of  35 
mm  diameter  150x4  cable  into  a  63/51  mm  duct 
over  2  km  using  2  cascaded  air-blowing  units. 

Extra  HDPE  ducts  are  lead  parallel  for  future  optical  cables  (see 
Figure  2).  From  the  central  office  a  40/32  mm  duct  with  10  mm 
guide-tubes  follows  the  450x4  cable.  A  connection  is  made  to  3 
different  40/32  mm  ducts  with  10  mm  guide-tubes  following  the 
150x4  cables.  Cables  with  48  fibers  are  blown  through  said  guide- 
tubes  without  a  splice.  They  can  be  spliced  to  8-fiber  cables  which 
are  installed  in  bundles  with  7  mm  guide-tubes  in  40/32  mm  ducts 
following  the  50  (or  25)  x4  cables.  The  8-fiber  cables  can  be 
connected  to  the  joint  boxes  for  the  drop  cables  by  means  of  Y- 


connectors  (see  Figure  2)  and  by  replacing  the  lid  of  these  boxes 
by  an  optical  joint  box.  An  optical  home-connection  is  obtained 
by  replacing  the  copper  quad-cable  by  a  2-fiber  cable.  Half  of  the 
fiber  capacity  is  used  for  point-point  links,  the  rest  is  reserved  for 
FTTH  for  all  houses  using  1:8  and  1:4  splitters  in  the  first  and 
second  splice  point,  respectively.  Several  operational  pilots  were 
completed,  from  September  1999,  including  installation  in  high- 
rise  buildings.  The  technique  has  been  chosen  in  The  Netherlands, 
after  a  European  tendering  procedure,  as  the  new  standard  for  new 
installations,  renovation  and  repair. 

4.  Coax  to  Optical  Fiber 

A  comparable  situation  is  met  in  CATV  networks.  In  the  same 
guide-tube  system  miniature  coaxial  cables  can  be  installed. 
Cables  with  attenuation  in  the  range  from  18  dB/100  m  to  9 
dB/100  m  at  230  MHz  can  be  blown  in  7  and  10  mm  guide-tubes, 
respectively.  Migration  to  optical  fiber  is  again  possible.  Empty 
guide-tube  systems  parallel  to  conventional  hybrid  fiber-coax 
networks  are  an  alternative.  A  pilot  project  is  expected  in  The 
Netherlands  at  the  end  of  the  year  2000. 

5.  Greenfield  Optical  Access  Networks 

Above  networks  finally  migrate  to  all-optical  access  networks.  So, 
if  you  skip  the  copper  a  solution  is  already  there  for  optical  access 
networks.  For  FTTH  this  is  true.  However,  business  customers 
connected  on  glass  required  further  development  of  the  system. 
Extreme  flexibility  is  needed.  Moreover  fiber-counts  and 
distances  are  larger  here.  The  technique  has  been  further 
optimized  to  cope  with  these  requirements  [2].  Cables  with  from  2 
up  to  48  fibers  can  be  blown  in  over  lengths  of  up  to  6  km. 
Typical  configurations  of  guide  tubes  and  cables  are  shown  in 
Figure  4.  The  fully  outside-plant  resistant  system  (cables  with 
hermetic  steel  barrier,  same  construction  as  used  in  Optical  Power 
Ground  Wire,  OPGW  cables)  offers  a  flexibility  which  was  not 
offered  by  traditional  technology:  costs  grow  with  market,  low- 
cost  branching,  any  place  any  time,  save  on  duct  space  and  fast 
installation  technology. 


48  fibers  12  fibers 

Figure  4.  Typical  example  of  guide-tubes  and 
cables  used,  in  this  case  in  a  40/32  mm  protective 
duct. 
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Figure  5.  Example  of  joint  box  with  splice  closure. 
All  cables  are  fed  watertight  in  the  splice  closure. 

Installation  is  like  other  techniques  used  in  the  outside  plant  (but 
now  with  flexibility  as  needed  for  access  networks).  Existing 
duct-routes,  manholes  and  splicing  technology  (see  Figure  5)  can 
be  used.  This  has  made  the  technique  so  universal  that  it  is  also 
used  in  backbone  networks.  A  clear  advantage  here  is  the 
possibility  to  install  only  the  fibers  needed  and  to  postpone  the 
choice  of  fiber  types  until  they  are  really  used.  The  system  has 
been  demonstrated  in  many  pilot  projects,  from  FTTH  to  long 
haul  networks,  in  different  countries,  first  in  September  1999. 

6.  Installation  Techniques 

Installation  of  a  bundle  of  guide-tubes  is  done  in  the  field,  by 
blowing  (see  Figure  6).  This  is  done  using  traditional  equipment 
with  some  accessories  to  feed  the  bundle.  Typical  length  per  blow 
is  1.5  km,  a  little  less  in  extremely  tortuous  trajectories.  Longer 
guide-tube  lengths  are  easily  obtained  by  just  connecting  tubes  to 
a  next  length. 

The  cable  is  blown  in  using  a  miniature  blowing  device  [4].  Also 
a  small  compressor  will  suffice.  Typical  length  per  blow  is  1.5 
km,  a  little  less  in  tortuous  trajectories.  Cables  up  to  this  length, 
e.g.  the  cables  to  the  customer,  can  be  installed  quickly.  For 
longer  cable-lengths  the  same  cascading  techniques  are  used  as  in 
traditional  technology:  tandem  blowing  with  multiple  blowing 
equipment  or  using  a  buffer  device  where  the  cable  is  coiled.  This 
passive  device,  which  is  a  miniaturized  version  of  a  commonly 
used  device,  is  fed  by  the  blowing  equipment  (see  Figure  7). 


Figure  6.  Blowing  a  bundle  of  guide-tubes  into  a 
protective  duct  (pilot  example). 


Figure  7.  Passive  buffer  coil,  driven  by  blowing 
equipment,  forextending  cable  blowing  length. 
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7.  Shared  Optical  Access  networks 

The  technique  of  the  guide-tubes  is  also  used  for  shared  optical 
access  networks  in  business  areas.  A  third  party  exploits  these 
networks  and  different  telecom  operators  can  rent  dark  fibers, 
which  connect  their  subscribers  inside  such  areas.  The  areas  are 
surrounded  by  a  “circular  road”  (see  Figure  8)  which  serves  as  a 
border:  cables  from  outside,  feeding  the  shared  network,  may  not 
cross  internal  cables  to  avoid  single  points  of  failure.  The  circular 
road  consists  of  40  mm  protective  ducts,  filled  with  5  guide-tubes 
of  10  mm  with  place  for  48-fiber  cables  each. 


NetShare  area 


Figure  8.  Schematic  view  of  shared  access 
network. 

Telecom  operators  enter  the  shared  network  at  Operator 
Connection  Points  (OCP).  Here  a  splice  is  made  to  a  dedicated 
48-fiber  cable  that  is  fed  into  one  of  the  five  guide-tubes  from  the 
circular  road  by  means  of  a  Y-connector.  To  make  the  connection 
redundant  this  is  done  at  two  points.  The  48-fiber  cables  from  the 
OCPs  are  patched  in  Manipulation  Points  (MPs)  to  fibers  with 
subscriber  destination  inside  the  shared  area.  As  an  option  active 
equipment  can  be  placed  in  MPs  when  Telecom  Operators  ask  for 
this. 

The  internal  network  consists  of  double-routed  40  mm  ducts  with 
5  guide-tubes  for  48-fiber  cables.  These  feeder  cables  are  spliced 
in  MJs  to  12 -fiber  distribution  cables  that  drop  to  the  subscribers 
via  Y-connectors.  The  distribution  cables  are  installed  in  7  mm 
guide-tubes  in  bundles  of  10  in  40  mm  ducts.  Splicing  distribution 
cables  to  feeder  cables  is  done  in  elements  of  4  fibres.  At  the 
Subscriber  Connection  Point  (SCP)  the  connection  is  made  to  the 
subscribers.  This  is  done  in  units  of  2  fibers.  A  SCP  can  have 
multiple  outlets  for  different  subscribers  and/or  Telecom 
Operators. 

Two  pilot  projects  with  shared  network  are  presently  under 
construction  in  The  Netherlands.  The  potential  number  of  double- 
connected  subscribers  per  pilot  is  about  300  to  800.  The  actual 
number  of  first  subscribers  will  be  much  less.  Traditional 
technology  would  not  be  economical.  But,  with  the  system  with 


guide-tubes  initial  investments  can  be  kept  low.  Future  expansion 
of  the  network  is  possible  without  digging  again. 

8.  Conclusions 

The  outside  plant  solution  based  on  small-size  guide-tubes  offers 
the  flexibility  which  is  required  for  copper  and  optical  access 
networks.  It  also  offers  the  possibility  to  migrate  from  copper  to 
glass.  The  technique  has  been  proven  in  many  field  trials  and 
pilots.  The  possibility  to  install  only  those  fibers  which  are  paid 
for  and  to  postpone  the  choice  of  fiber  types  has  made  the  system 
also  attractive  for  use  in  long-distance  backbone  networks.  Finally 
the  same  technique  can  also  be  used  in  shared  access  networks 
where  different  telecom  operators  rent  links  to  their  subscribers. 
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Abstract 

As  the  subscriber’s  demands  of  high  speed  and  broadband 
service  are  increasing,  the  needs  to  construct  the  optical  fiber 
access  network  are  increasing.  In  FTTH/C,  the  network 
design  of  optical  access  network  becomes  diverse  by  the  types 
of  subscriber  and  service.  In  the  process  of  designing  optical 
access  network,  the  function  of  cross-connection  at  the 
positions  where  the  connections  are  accomplished  with 
distribution  and  access  cable  is  needed.  Therefore,  for  the 
high  flexibility  and  cost-effectiveness  in  the  optical  access 
network,  the  three  types  of  cross-connection  products  that  could 
be  used  in  the  serious  environmental  conditions  are  developed. 

Keywords 

Optical  Fiber  Access  Network,  Optical  Cross-Connection, 
Optical  Distribution  Network,  FTTH,  Rotating  plate 

1.  Introduction 

Among  the  access  technologies  of  high  speed  and  broadband 
service,  the  DSL  technology  that  deploys  the  existing  copper 
line  has  been  developed.  However  the  DSL  technology  is 
considered  as  the  intermediate  solution  to  offer  broadband 
service  to  subscribers  due  to  the  difficulties  in  supplying 
broadband  service  in  terms  of  the  transmission  rate  and  quality, 
adverse  effects  on  existing  services,  and  causing  complicated 
management  in  MDF  to  adapt  new  services. 

Therefore,  it  is  taken  into  account  as  the  request  to  replace  the 
copper  line  with  optical  fiber,  and  the  attention  is  increasing. 
Optical  access  network  is  divided  into  3  evolution  stages  of 
FTTO,  FTTC,  and  FTTH  depending  on  how  much  the  existing 
copper  lines  are  replaced  with  optical  fiber,  and  where  the 
ONUs  are. 

In  this  paper,  the  usage  strategies  for  the  developed  products  in 
optical  access  network  of  Korea  Telecom,  especially  for  the 
FTTC  in  regarding  the  adaptability  and  performance  are 
discussed. 

2.  Cross-Connection  Products  in  Optical 
Access  Network 

As  seen  in  Figure  1,  it  must  be  considered  to  make  solutions  of 
application  with  cross-connection  series,  in  regarding  the 
positions  and  the  number  of  splices.  In  order  to  figure  out  the 
appropriate  number  of  optical  distribution  points  per  a  loop,  we 
consider  the  cost  of  access  and  distribution  cable,  installation  of 
those  cables,  and  products  of  distribution  should  be  considered. 
By  comparing  the  cost  per  distribution  point  with  the  constant 
loop  length  (6km)  and  constant  the  number  of  fibers(200cores), 
it  is  determined  that  the  number  of  cost-effective  distribution 
points  is  16.  For  example,  the  proper  number  of  the 
distribution  point  is  16  for  less  than  600  fibers,  and  32  for  more 
than  600  fibers  feeder  cable.  Also  the  proper  numbers  of 


distribution  cables  that  are  branched  from  feeder  cable  should 
be  16  to  72. 

If  the  cross-connection  products  are  applied  in  distribution 
point,  it  is  possible  for  any  cross-connection  products  on  the 
same  loop  to  use  all  feeder  cables.  Therefore,  the  efficiency  of 
optical  fiber  feeder  network  can  be  increased  by  at  least  more 
than  20  percent  if  optical  fiber  cross-connection  products  are 
applied.  If  the  supplied  rate  of  optical  fiber  distribution  cable 
is  increased  by  about  2  times,  we  can  deal  with  the  change  of 
demand  more  flexibility  at  the  distribution  point.  Thus  the 
number  of  optical  fiber  terminated  in  a  cross-connection 
product  should  be  32  to  144. 

2.1  Application  of  the  Optical  Fiber 
Cross-Connection  Products  in  Optical 
Distribution  Point 

The  application  of  cross-connection  products  at  the  point  of 
optical  distributions  is  beneficial  to  the  supply  of  optical  fiber 
access  cables  per  an  ONU.  Consequently  in  case  of  building 
or  apartment  area,  the  above  and  under-ground  type  in  MDF  of 
apartment  and  building,  on  green  area  of  land,  or  in  manhole 
can  be  installed. 

In  case  of  residential  area,  the  type  of  pole-mountable, 
under-ground  can  be  applied  in  pole  or  manhole  for  the  reason 
of  not-enough  space. 

As  we  mentioned  before,  optical  fiber  cross-connection  product 
increases  the  efficiency  of  optical  fiber  feeder  network,  and  it 
also  distinguish  the  separation  point  between  optical  fiber 
distribution  cables  and  optical  fiber  access  cables.  Therefore  it 
is  easy  to  maintain  and  beneficial  to  improve  optical  fiber 
distribution  network  and  access  network  separately. 

Figure  1  shows  the  schematic  diagram  of  our  optical  fiber 
access  network  applied  with  the  optical  fiber  cross-connection 
products. 

3.  Optical  Fiber  Cross-Connection 
Products 

3.1  Above-Ground  Optical  Fiber 
Cross-Connection  Cabinet  (AGOC) 

The  AGOC  product  is  a  cabinet  type  installed  on  street  and  green 
area  of  land  for  the  large  optical  feeder  cable.  The  cabinet  has 
water-proof  property  to  protect  optical  fiber  and  splices  from 
environment. 
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Business 
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Residential 


Figure  1.  The  Schematic  Diagram  of  Optical  Access  Network  in  FTTC 


The  inner  module  consists  of  connector  shelf  and  splice  shelf 
and  it  can  be  installed  on  19’  rack.  The  connector  shelf  has  a 
patch  panel  which  has  72  SC  type  adapter.  A  total  of  144  fibers 
can  be  accommodated  in  cabinet.  The  front  and  the  rear  side  of 
patch  panel  are  interconnected  with  distribution  cable  from  feeder 
and  access  cable  to  ONU.  Figure  2  shows  a  cabinet  and  inner 
module  of  the  above-ground  optical  cross-connection  cabinet. 

The  splice  shelf  is  composed  of  6  hinged-tray  which  include  12 
-fiber  splice  of  loose  tube(l  6-fiber  splice  of  ribbon  fiber).  One 
side  of  cabinet  has  cable  entrances  of  2  lines,  each  cable  entrance 
has  apparatus  which  fix  main  strength  member  in  cable.  We  make 
front  and  rear  door  in  cabinet  for  the  purpose  of  providing  two 
accessing  points  according  to  cable  type,  distribution  cables  and 
access  cables. 

Thus  we  should  install  the  distribution  cables  to  rear  door  side 
because  the  cable  has  few  opportunity  for  maintenance  after  the 


first  installation,  but  access  cables  should  be  installed  to  front  door 
side  for  the  frequent  splicings  and  cross-connections  . 

3.2  Under-Ground  Optical  Fiber 
Cross-Connection  Closure(UGOC) 

The  UGOC  can  be  installed  in  manhole  for  small  size 
apartments,  buildings,  and  in  residential  area,  because  of  limited 
space  to  install  the  products. 

Manhole  has  small  space  and  high  humidity  environment. 
Therefore  the  closure  requires  properties  of  small-size,  high 
density  and  water-proof.  The  UGOC  consists  of  square-shape 
dome  type  cover,  end  cap,  and  sealing  materials.  In  the  inner 
module,  there  are  optical  fiber  splice  tray,  jumper  storage  tray 
and  patch  panel  for  connector.  The  end  cap  is  equipped  with 
apparatus  for  fixing  main  strength  member  of  optical  cable  and  for 
assembling  of  the  inner  module. 
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Figure  2.  Cabinet  and  inner  module  of  above¬ 
ground  optical  fiber  cross-connection  cabinet 

Figure  3  shows  a  under-ground  optical  fiber  cross-connection 
closure. 

The  inner  module  consists  of  a  patch  panel  on  the  center  and 
both  side  with  rotating  plate  which  can  be  swung  in  the  opposite 
direction  each  other,  and  the  patch  panel  has  the  36  SC  adapters. 
Also  jumper  storage  tray  is  jointed  with  rotating  plate 
longitudinally  and  can  be  folded  to  patch  panel.  And  the  bottom 


(a)  Inner  Module 


(b)  Folded  inner  Module  (c)  closure 

Figure  3.  The  Inner  Module  and  closure  of  under¬ 
ground  optical  fiber  cross-connection  closure 


of  this  jumper  storage  tray  is  hinged  with  splice  tray  which  can  be 
unfolded  or  folded  to  jumper  storage  tray.  Cable  entrance  in 
end-cap  is  sealed  with  screw-type  plug  that  has  hole  in  center. 

In  the  case  of  installation  and  maintenance,  we  can  make  S-shaped 
inner  module  by  unfolding  the  two  parts  of  the  jumper  storage  tray 
and  the  fiber  splice  tray  in  order,  and  thus  we  can  get  enough 
working  space.  After  the  splice  and  connection  ended,  we  fold 
each  tray  in  the  reverse  order,  and  then  inner  module  becomes 
square-shape  finally.  Consequently,  we  achieve  easy  operation, 
small  size  and  high  capacity  closure. 

3.3  Pole-Mountable  Optical  fiber 
Cross-Connection  Box(PMOCB) 

This  product  connects  distribution  cable  of  small  fiber  from  feeder 
cable  to  access  cable  for  ONU  in  residential  area.  In  case  of 
limited  spaces  for  installing  both  the  above-ground  and 
under-ground  products  in  residential  area,  pole-mountable  box 
can  be  applied.  The  box  design  has  the  concepts  long  shape  in 
length  similar  to  pole. 

The  rotating  plate  in  the  center  of  box,  which  has  patch  panel 
that  is  assembled  with  24  SC  type  adapter,  and  has  the  apparatus 
for  fixing  splice  tray  and  jumper  storage  tray.  There  are  two 
horizontal  plates  for  sealing  function  for  rain.  The  upper  one 
is  installed  below  the  top  of  rotating  plate,  and  the  other  is  the 
bottom  plate  for  the  entrance  of  8  cables.  Especially,  the  one 
side  of  rotating  plate  is  hinged  with  box  longitudinally. 
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(a)  Rotating  Plate  Closed 


I. 


(b)  Rotating  Plate  Opened 

Figure  4.  A  pole-mountable  optical  fiber  cross- 
connection  box 

Therefore,  it  is  possible  to  splice  distribution  cable  from  feeder 
cable  on  rear  side  and  access  cable  on  front  side  of  the  rotating 
plate.  Each  cable  is  interconnected  to  both  side  of  rotating 
plate.  After  the  splicing  and  connection  of  distribution  cable 
on  the  rear  side  of  rotating  plate  have  done,  the  rotating  plate 


can  be  closed  in  the  right  wall  of  the  box.  With  the  swing 
function  of  rotating  plate,  there  is  no  interruption  by  distribution 
cable  for  entrance  and  splice  of  access  cable.  We  achieved 
easy  operation,  efficient  management  and  high  capacity 
structure  by  using  the  rotating  plate.  Also  we  used  thin, 
transparent  window  for  inspecting  of  optical  fiber  radius  in 
optical  jumper  cord  storage  tray.  Figure  4  Shows  a 
pole-mountable  optical  fiber  cross-connection  box. 

4.  Performance  Test 

Table  1  shows  the  results  of  functional,  optical,  mechanical  and 
environmental  tests  for  optical  cross-connection  products  by  using 
the  JDS  FITEL  3170  loss  meter  and  switch  for  optical  loss. 

5.  Conclusion 

The  range  of  the  capacity  and  the  application  cases  are 
examined  such  as  the  applications  of  optical  cross-connection 
products  in  FTTC,  the  structural  characteristics  for  three  types 
of  products,  performance  test  results,  and  the  efficiency  of 
applications  in  FTTC. 

In  FTTH  architecture,  it  is  expected  to  apply  the  variety  of 
capacity  and  type  of  optical  cross-connection  products  that  was 
developed  in  KT  for  diverse  optical  distribution  network 
architecture.  Under  the  limited  space  for  the  installation,  the 
flexibility  by  the  rotating  structures  of  modules  in  the 
pole-mountable  and  under-ground  products  give  easy 
installations  and  maintenance  in  optical  access  network 
operations. 

Now  we  investigate  the  efficient  applications  of  optical 
cross-connection  products  in  distribution  network  design, 
especially  the  requirements  for  FTTH,  and  continue  to  effort  for 
developing  of  equipment  and  technology  in  relation  to 
ATM-PON. 
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Table  1.  The  results  of  functional,  optical,  mechanical  and  environmental  test  for  optical  fiber 
cross-connection  products  [1][2][3]  _ _ 


Test 

Conditions 

X-connection  cabinet/closure/box 

Above-ground 

Under-ground 

Pole-mountable 

Cable  Pullout 

F=Dxl000N/45,  30min 

No  cable  out 

<  1PSI 

No  cable  out 

Cable 

Bending 

lOkgf,  15min  at  each  90°angle 

90°~  360°,  2  cycle 

(  1PSI 

Not  exhibit  any 
bubbling 

No  cable  out 

Cable  Torsion 

Retained  2hr  at  each  -20±2°C,  40± 

2°C 

Cable  twist  in  90° -►  -180°->  90° 
2cycle/min,  lOcycle 

Not  exhibit  any 
bubbling 

Not  exhibit  any  fracture 

No  mechanical 
Damage 

Impact 

Resistance 

Retained  2hr  at  each  -20±2°C,  40± 

2°C 

6PSI,  2.4kg,  2.54cm.  lm  height 

not  air,  7.2kg,  16cm 
height 

No  mechanical  damage 

<  1PSI 

Not  exhibit  any 
bubbling 

High  Temp 

75±2°C, 24hr 

<0.2dB 

<0.2dB 

Temp  Cycling 

-40±2°C~  60±2°C,  8hr/cycle. 

20cycle 

<0.2dB 

-30±2°C~  60±2°C 
<  0.2dB,  <  1PSI 

<0.2dB 

High 

Humidity 

40±2°C,  95±2%RH,  96hr 

<0.2dB 

(0.2dB 

Rain  Intrusion 

3.8i  /min,  0.5m,  60min 

<0.2dB 

No  sign  of  water 

Intrusion 

No  sign  of 
water  Intrusion 

Salt  Fog 

40±2°C,  5%  salt  spray,  96hr 

No  sign  of  Corrosion 

No  sign  of 

Corrosion 

Water 

Immersion 

Depth  1.5m,  20days 

No  sign  of  water 
Intrusion 

Vibration 

10-50-10Hz/2min, 
amplitude  0.75mm 

Vibration  time  lhr.  each  axis 

<0.2dB 

5-55-5Hz/2min,  1mm, 
Vibration  time  2hr. 

<0.2dB,  <  1PSI 

<0.2dB 

No  mechanical 
Damage 
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Abstract 

Preparing  the  future  broadband  network  services,  there  are  some 
movements  to  prepare  new  faces  of  central  office.  In  Korea 
Telecom,  providing  a  more  space  which  for  the  new  systems  with 
limited  floor  space  problems  has  been  seriously  considered.  In  this 
paper,  making  a  new  plan  for  providing  a  space  under  serious 
conditions  and  applying  a  new  scheme  of  optimizations  with 
systems  in  transmission  and  MDF  rooms  are  discussed.  In  addition, 
making  the  basic  schemes  for  the  optimizing  are  presented,  which 
need  to  consider  the  future  evolution  of  access  and  backbone 
network.  The  future  CO  rearrangement  and  replacement  should  be 
as  flexible  as  possible  in  accommodating  the  high  capacity  systems 
for  increasing  traffics  on  the  internet. 

Keywords 

Central  office,  optimization,  transmission  room,  MDF  room,  access 
network,  network  evolution. 

1.  Introduction 

To  prepare  the  new  millenium’s  internet  demands  of  data  traffics 
concerning  from  the  dial-up  services  to  mobile  internet  services, 
there  must  be  new  strategies  to  set  up  the  schematic  of  the  future 
central  office’s  reconstruction  for  the  purpose  of  stable  services.  In 
this  paper,  reconstruction  of  central  office  that  means  the  providing 
a  successful  plan  to  the  future  network  for  accommodating  the 
diverse  systems  such  as  the  switches,  transmissions,  MDF,  cabling 
systems  and  the  other  things.  In  addition,  the  space  problems 
should  also  considered  for  new  systems.  In  order  to  serve  more 
subscribers  per  a  switch,  there  have  been  replacements  and 
improvements  with  increasing  the  geometrical  coverage,  and 
applying  the  IDLC  with  the  loop  carrier  that  induces  the 
transformation  of  transmissions  in  the  access  network.  In  this  paper, 
replacements  and  rearrangement  of  the  systems  in  transmission 
room,  cabling  systems,  and  MDF  rooms  will  be  discussed  mainly, 
and  the  scheme  of  central  office  future  trend  in  accordance  with 
network  evolution  is  discussed. 

2.  Main  issues 

Korea  Telecom  has  some  difficulties  in  providing  data 
services(xDSL,  OLC,  etc)  like  the  other  companies,  so  reviewing  the 
future  network  trends  and  making  a  solution  for  field  conditions  are 
needed.  In  order  to  support  the  floor  space  for  new  systems  in 
limited  conditions  and  to  prepare  the  solution  for  reshaping  the 
scheme  of  reconstructing  the  CO,  the  following  can  be  issued,  such 
as 


In  transmission  room ; 

•  Repositioning  and  replacement  for  the  PCM,  DCS,  and  access 
network  systems. 

•  Cabling  for  fiber  optics  in  CO. 

•  Reasonable  methods  for  providing  a  space  for  future  systems 
In  MDF  room ; 

•  What  to  do  when  switches  are  upgraded. 

•  How  to  control  the  “Vacancies”  in  the  MDF  when  IDLC  is 
applied  with  ONU. 

•  How  to  optimize  the  MDF  environment  for  the  future. 

For  network  evolution ; 

•  With  the  trends  of  future  network  in  the  system  transitions  in 
central  office. 

•  How  to  control  the  access  network  transmission  systems  in 
central  office. 

3.  Strategies  of  optimization  in  CO 

3.1  Define  CO  types 

It  is  impossible  to  adapt  a  unique  solution  to  all  kind  of  CO  which 
has  the  many  different  environmental  conditions  such  as  the 
scalability,  the  number  of  subscriber  line  and  geographical 
conditions.  For  optimal  solutions,  the  dividing  and  grouping  are 
needed.  CO  can  be  divided  as  four  groups. 

•  Core  in  switching,  transmission  and  enlarged  CO. 

•  Non-core  in  switching,  transmission  and  enlarged  CO. 

•  Non-core  in  switching,  transmission  and  conventional  CO. 

•  Small  CO  that  will  be  enclosed  in  enlarged  CO. 

Where  enlarged  CO  has  the  characteristics  of  increased  spans  and 
switching  capacity  and  small  CO  that  has  only  function  of 
transmission 

With  analysis  of  those  group’s  common  features  in  the  view  of 
network  planning,  plus  particular  characteristics  which  concern 
the  floor  space  problems,  the  system  types  in  transmission  room, 
cabling  systems  and  MDF,  and  more  adaptive  strategies  can  be 
built  for  CO  one  by  one. 

3.2  Solution  for  the  space  of  transmissions 

The  reasonable  way  to  provide  the  space  in  transmission  room  is  the 
combination  of  the  replacement,  rearrangement,  and  utilizing  the 
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uninstalled  space,  which  yields  the  efficiency  30-40%  in  average. 
The  methods  can  be  expressed  as  follows: 

3.2. 1  Replacements.  In  the  transmission  room,  there  are  many 
kinds  of  systems  from  the  PCM  to  the  optical  fiber  transmission 
systems.  There  are  some  antique  systems  for  the  traditional 
services  which  for  the  leased  line  services,  DID,  and  DOD  on  the 
basis  of  copper  cables.  Now  for  the  purpose  of  the  systematic 
organizing,  the  out-dated  systems  must  be  replaced  by  new 
systems.  In  order  to  make  proper  solutions  for  the  replacement, 
the  following  can  be  considered. 

•  Analyzing  the  basic  elements  such  as  the  plans  of  switches 
improvement  and  the  transmission  system  upgrade  between 
the  Com,  and  the  scale  for  leased  line. 

•  The  present  conditions  of  transmission  systems  and  future 
plan  of  network. 

•  The  arrangement  diagram  and  cabling  of  copper/fiber  optics. 

•  The  economic  analysis  of  the  replacements  for  many  cases. 

3.2.2  Rearrangements.  The  schematic  block  diagram  of  the 
transmissions  must  be  provided  at  first  and  to  make  a  space  plan 
for  the  future  transmission  systems  that  will  be  installed  according 
to  the  system  characteristics.  Like  the  same  case  with 
replacements,  the  following  can  be  considered  as  reasonable  in 
the  same  case  with  the  replacements. 

•  The  relationships  of  transmission  room  position  which  must 
make  a  accordance  with  the  switch  and  MDF  room  with  the 
basis  of  cabling  path. 

•  The  analysis  of  efficient  managing  in  the  manpower. 

•  The  plan  of  the  unused  floor  space  is  required. 

•  The  definition  of  path  and  architecture  with  copper/fiber 
optic  cables. 

•  The  economics  of  rearrangement  from  the  PCM  to  fiber  optic 
transmissions. 

In  addition,  the  other  important  thing  is  utilizing  the  unused  floor 
space  with  the  replacement  schemes  discussed  and  rearrangement 
in  accordance  to  given  floor  space  conditions  in  CO. 

3.2.3  Comparison  and  comments.  Among  the  methods 
discussed  above,  the  best  can  not  be  chosen  as  only  one  solution 
in  practice,  thus  comparison  the  methods  and  how  to  make 
solutions  for  common  case  should  be  considered. 


Table  1.  Comparison  the  upper  methods 


Item 

Replacements 

Rearrangement 

Utilizing  the 
unused  space 

Merit 

•Can  be  used  for 
the  basic  plan  of 
upgrading  systems 
•Possible  to  make 
best  efficiency  with 
rearrangement 

•Easy  application 
of  new  systems 
with  level  of 

functions 

•Cabling  upon  the 

•Low  cost 

•Reusability  of  sys¬ 
tems  is  possible 

grid  panel  can  be 
rearranged. 

De¬ 

merit 

•Must  considering 
the  rearrangement 

•High  cost 

•Low  effectiveness 

•Unusual  in 

practice 

Com¬ 

ment 

•After  making  a  proper  analysis  for  respective  CO  style, 
the  detailed  plan  for  the  floor  space  which  includes 
rearrangement  and  replacement  that  pertinent  to  the 
network  planning,  and  at  the  same  time  verification  of  the 
empty  space,  must  meet  the  requirements  of  it’s  own 
demands 

3.3  Effectiveness  in  managing  the  CO  space 

The  schematic  of  ideal  diagram  for  an  optimized  transmission  room 
is  shown  as  Figure  1  and  in  order  to  supply  floor  space  for  new 
systems,  grouping  with  the  level  of  signals,  and  cabling  conditions 
must  be  considered  also. 


Figure  1.  Ideal  schematic  diagram  of 
transmission  room 


3.3. 1  Common  requirements  of  cabling  system.  The  path 
selections  of  cabling  are  different  case  by  case.  However,  the 
definitions  of  common  requirement  are  necessary  to  perform  the 
stable  cable  management. 

•  No  cross  over  in  routing  the  copper  and  fiber  optics  from  the 
basement  to  maintenance  room  and  both  cables  must  have 
their  own  different  paths. 

•  Copper  termination  cables  to  be  connected  with  MDF  must 
be  rearranged  to  meet  the  reasonable  replacement  of 
protection  magazines  and  the  acceptability  of  MDF 
transformation  due  to  the  IDLC  function  in  switch  system. 

•  The  shortest  path(the  basement  inlet  position  of  fiber  optic 
cables  must  be  oriented  by  the  FDF  position  in  transmission 
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room)  and  bending  radius  of  that  must  be  kept  correctly  all 
over  the  path. 

•  The  cable  path  should  be  determined  prior  to  define  the 
function  of  systems  in  MDF  room,  and  the  transmission 
room  must  meets  the  requirement  of  cable  management. 

•  The  path  of  copper  cable  should  follows  the  far-end  wall  side 
between  MDF  and  transmission  room,  and  as  centered  as 
possible. 

3.3.2  Grouping  the  transmission  systems.  Under  the 
conditions  of  limited  space  and  the  unclear  work  responsibility  of 
access  network  management,  the  reasonable  solutions  are 
reconstructing  the  responsibility  for  transmission  and  MDF 
maintenance,  and  making  a  proper  policy,  long  term  plan  for  how 
to  install  and  replace  is  just  value  added  procedure.  A  proper 
solution  will  be  established  in  the  near  future  in  Korea  Telecom. 
The  classification  of  the  transmissions  in  detail  is  given  in  Table  2. 


Table  2.  Grouping  the  transmissions 


Group 1 

PCMs,  DSU,  FDSU(DSO~DS  1 ) 

Group2 

MX13,  DXC13(DS1~DS3) 

Group3 

SMOT1,  SMOT4,  NT-2.5G,  WDM 

Access 

transmissions 

ADSL,  FLC(Fiber  Loop  Carrier),  SLCS 

There  must  be  a  plan  for  those  access  transmission  systems  for 
installation  and  management. 

3.4  MDF  room 

The  evolutions  of  MDF  are  evident  and  the  main  reason  is  the 
demands  of  explosive  data  services  which  invoked  the  applying 
the  IDC  connector  that  has  more  stable  quality  than  binding  post 
type  in  connector  block  of  switch  side.  The  other  reasons  are 

•  The  necessity  for  the  cabling  and  space  due  to  unbundling 
for  CLEC. 

•  The  improvement  of  the  effectiveness  in  space  management 
with  IDLC  and  new  data  services  will  make  a  vacancy  in  the 
MDF(V  side  of  protection  magazine). 

3.4. 1  Optimizing  the  MDF.  In  the  near  future,  Korea  Telecom 
will  faces  the  common  phenomena  in  MDF  which  have  no 
subscriber  line  with  the  protection  magazine  for  the  applying  the 
IDLC  and  FTTH  in  access  network.  Therefore,  how  to  rearrange 
the  MDF  and  when  to  replace  the  binding  post  block  related  to 
switches  will  be  important  issues  in  the  MDF  room.  There  are 
some  methods  for  such  as: 

•  Using  vaults  closures  for  copper  termination  cables. 

•  Determining  the  time  for  improving  in  regarding  MDF 
condition. 

•  After  making  a  two-dimension  map  of  magazines  which 
covers  the  subscriber  area  and  analyzing  the  pattern  of  that 
magazines. 


•  In  addition,  the  smallest  and  good  quality  MDF  must  be 
selected,  making  strategies  of  the  replace  the  magazine 
depend  on  the  cable  rout  of  outside  plant  and  the 
characteristics  of  subscriber,  including  the  rearrangement  of 
outside  copper  cables. 

•  If  there  is  a  improvement  with  switch  systems,  described 
steps  for  MDF  must  be  considered  as  soon  as  possible. 

3.4.1  Future  environments  of  MDF  room.  For  the  purpose 
of  performing  the  quality  of  data  services  and  for  one  stop 
services,  the  MDF  room  needs  to  be  changed  to  put  up  with  the 
main  function  of  subscriber’s  total  management.  Of  course,  the 
management  system  of  subscriber  line  should  be  installed  and 
versatile  access  transmission  systems  should  also  be  operated  in 
MDF  room.  Thus  the  elementary  control  of  air  and  power  must 
be  considered,  the  skilled  work  responsibility  will  be  required  for 
the  diverse  requests  from  the  customers. 

4.  Network  evolutions 

It  is  still  not  clear  what  the  future  transport  network  will  be.  On  the 
basis  of  the  SDH  architecture,  the  trends  will  be  concentrated  on  the 
IP  traffic  of  internet,  and  it  is  very  easy  to  anticipate  the  future 
aspect  in  explosive  IP  services.  Profoundly,  as  the  same  cases  in 
access  network,  the  structure  and  architecture  of  transmission  will  be 
focused  on  IP/WDM  in  the  future.  There  have  been  many 
researches  and  have  looked  upon  the  future  network  of 
IP/ATM/WDM[  1  ] . 

In  the  long  run,  the  change  of  the  network  will  be  reflected  on  the 
systems  in  CO.  Upon  the  present  SDH  systems,  the  new  WDM 
systems  will  be  installed  together  and  DCS  will  be  replaced  by 
OXC.  Central  offices  can  be  divided  into  core  and  tributary  offices. 
Tributary  segments  are  just  like  the  same  as  baseline  architecture, 
and  traffic  from  tributary  offices  is  routed  to  the  nearest  core  offices 
[2].  Hence  the  type  definition  of  CO  for  the  feature  is  very 
important  procedure  to  prospect  the  future  network  evolution. 

Applying  the  routers  and  metro  WDM  is  in  the  rapid  progressing[3], 
so  at  first  there’ll  be  complicated  features  in  the  system  level. 
However,  after  the  maturity  of  IP  services  and  system  developments, 
which  are  pertinent  to  the  future  trends,  there  may  be  some  gentle 
but  firm  pattern  in  CO. 

Access  networks  are  in  the  process  of  changing  to  the  fully  optical 
which  would  be  accomplished  with  ATM-PON/WDM-PON.  In 
many  practical  cases,  the  combination  of  copper  and  fiber 
technologies  is  used.  As  we  see,  there  are  multiplicity  of  solutions, 
the  cost-effective  technology  will  be  distinctive  features  in  access 
network.  Therefore,  the  appearance  of  home  network  with  leased 
copper  line  or  fiber  optic  line  is  growing  very  fast  in  the  SOHO  and 
cyber  apartment.  Under  those  conditions,  if  the  OLT(optical  line 
terminal)  will  be  a  platform  in  access  network,  we  must  analyze  the 
economics  of  the  pure  IP(IPAVDM)  architecture  comparing  the 
effects  of  ethemet  in  OLT(IP/SDH/WDM  or  IP/ATM/SDH/WDM). 

As  the  network  technologies  evolving,  things  will  happen  and  the 
future  aspects  of  maintenance  room  in  CO  are  like  these; 
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•  Replacing  the  low  level  of  PCM  very  quickly  for  old  leased 
line  services  in  case  of  changing  to  the  large  capacity 
switches. 

•  Analysis  for  the  transformation  of  transport  network 
core/access  technologies  will  be  clear  through  the  defining 
the  function  of  OLT. 

•  Defining  the  concepts,  markets,  and  technologies  of 
broadband  services  in  addition  to  the  demanded  bandwidth 
of  per  a  customer  will  be  needed[4], 

•  MDF  room  will  be  a  core  part  in  managing  the  subscriber’s 
line. 

•  Upon  the  switch  improvements,  many  access  transmission 
systems  will  be  converged  to  OLT. 

•  In  core  CO  that  covers  OLXC  layer,  the  BDCS  will  be 
replaced  by  OXC  quickly. 

•  ATM  switches  will  carry  out  the  connection  between  the  core 
and  tributary  offices. 

5.  Conclusions 

•  The  replacement  of  systems  must  be  planned  adequately  with 
the  evolutions  of  access  network  and  with  improving  the 
efficiency  of  floor  space  usability  by  the  means  of  system 
rearrangement. 

•  From  the  low  level  of  CO  to  high  level,  sophisticated 
reconstruction  planning  is  required  on  the  basis  of  the 
optimization  schemes  according  to  inner  status. 

•  Upon  the  optimization  of  CO  systems,  reshaping  the  related 
work  responsibility  between  the  transmission  and  MDF  room. 

•  For  cable  management  of  fiber  optic  from  underground  to 
transmissions,  there  must  be  the  different  route  via  the 
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•  For  the  purpose  of  providing  reasonable  solutions  for 
optimizing  the  central  office,  there  are  some  important 
factors.  Forecasting  the  future  plan  from  the  switches  to 
MDF,  researching  for  the  trends  of  broadband  services  and 
policies,  considering  the  most  important  problems  under  the 
present  situation  with  maintenance  flow,  and  preparing  the 
integration  of  MDF  for  maintenance  with  subscriber  line  are 
the  important  aspects  in  prospecting  the  future  CO  evolution. 
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Abstract 

As  many  other  competitive  Telecom  Service  providers,  the 
pipeline  Operators  such  as  gas  Distributors  have  opened  the 
access  to  their  own  Telecom  distribution  network. 

In  these  circumstances,  a  main  concern  is  the  individualization 
of  the  subscriber  management  which  requires  : 

Access  to  the  individual  fibre  or  circuit  within  an 
otherwise  mass  interconnection  environment ; 

Maximum  intercircuit  (interfibre)  transmission 
immunity  during  installation  and  operation. 

In  the  actual  implementation  presented,  we  describe  the 
characteristics  of  the  technical  solution  which  we  developed, 
installed  and  controlled  to  fulfill  the  technical  objectives. 

To  that  aim,  specific  new  single  fibre/  single  subscriber 
management  technology  has  been  implemented  at  the 
interconnection  points  of  the  network  i.e. 

Cable  jointing  closures 

Optical  distribution  frame  (ODF) 

The  technical  choices  are  aiming  at  allocation  flexibility,  low 
implementation  cost,  ease  of  installation  together  with  high  fibre 
mechanical  protection  including  during  installation  and 
operation. 

1.  Introduction 

Wingas  is  a  joint  venture  of  the  BASF  subsidiary  Winterstall 
A.G  and  the  Russian  natural  gas  producer  RAO  Gazprom. 
Wingas  operates  a  1,850  Km  gas  pipeline  network  across  the 
German  territory. 

Wingas  operates  its  own  telecommunication  network  since 
1992;  this  network  has  been  upgraded  through  fiber  optic  cables 
since  1998. 

This  network  being  rented  to  National  and  International 
Operators,  Wingas  has  to  offer  an  access  to  optical  fiber  at  any 
point  of  the  network  without  disturbing  transmission  on  the 
other  fibers. 

In  order  to  ensure  the  required  transmission  integrity  all  the 
interconnect  equipments  have  to  offer  2  main  technical  features  : 

■  Maintain  fiber  and  patchcable  length  preservation  in  all 
moving  parts 

■  Provide  Operator  with  individual  fiber  /circuit/  patchcord 
access  during  installation  and  intervention  phases. 


These  principles  have  been  applied  by  Wingas  at  the  straight 
cable  jointing  points  and  the  optical  distribution  access  nodes. 

2.  Cable  jointing  closures 

The  optical  fiber  transport  network  is  built  up  using  288  fiber 
cables  made  of  24xl2-fiber-loose-tube  bundles. 


Figure  2-1 

As  shown  in  Figure  2-1,  the  selected  cable  jointing  closure  is  a 
dome  shape  structure  providing  : 

■  Single  side  (base)  cable  entry  on  a  flat  surface  especially 
dedicated  to  cable  sealing  (whether  heatshrink  or  mechanical) 
and  cable  clamping 

■  360°  splice  access  when  the  cover  is  withdrawn  which 
facilitates  cable  integration  functions  such  as  cable  clamping, 
bundle  routing,  overlength  bundle  management  and  splice 
tray  access 

The  jointing  closure  incorporates  4  single  subscriber  (circuit) 
management  fiber  organizers  providing  the  required  transmission 
integrity  in  case  of  reintervention. 
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At  the  outcome  of  the  cable  clamping  breakout,  the  12-fiber 
bundles  go  through  the  overlength  storage  compartiment  and  are 
led  to  the  appropriate  organizer  level  (see  figure  2.2) 


Figure  2-2 


Each  12-fiber  bundle  is  splitted  into  two  6-fiber  cores  in  the 
organizer  fan-out  entry;  each  one  of  these  6-fiber  cores  is  routed 
to  each  tray  where  6  incoming  fibers  are  spliced  with  6  outgoing 
fibers. 

The  4  organizer  modules  containing  12  trays  each  provide  splicing 
for  72  fibers;  each  splice  is  protected  with  a  heatshrink  cover. 

The  straightforward  cable  bundle  management  inside  the  closure 
eliminates  the  necessity  to  retube  the  fibers.  The  fan-out  system 
being  part  of  the  single  subscriber  management  organizers  induce 
efficiency  and  simplification  of  the  installation  work;  considerable 
savings  of  implementation  time  and  cost  have  been  experienced 
using  this  technique. 

3.  Optical  Distribution  Frames 

3.1  The  principles 

Let  us  recall  first  the  principles  of  a  cross  connect  interface  which 
is  the  aim  of  the  optical  distribution  frame  (ODF). 


We  can  define  the  ODF  as  a  structured  biunivocal  interface 
between  2  random  spacial  sets  of  extremities  (cable-in  and  cable- 
out). 

This  is  illustrated  in  Figure  3-1. 


CABLE  IN  CROSS  CONNECT  CABLE  OUT 


Figure  3-1  :  Cross-connect 

If  we  go  one  step  from  this  straightforward  description,  we  can  add 
that : 

■  The  2  cables  may  not  be  installed  at  the  same  time 

*  The  cross  connect  flexibility  may  be  provided  using  2 
techniques  :  the  patchcord  technique  as  represented  in  Figure 
3-2  and  the  pigtail  technique  as  represented  Figure  3-3 


CABLE  IN  CROSS  CONNECT  CABLE  OUT 


Figure  3-2  :  Cross-connect  with  patchcords 


These  diagrams  illustrate  2  additional  issues,  namely  patchcord 
routing  and  patchcord  storage  management.  The  routing  has  to 
be  organized,  in  particular  if  the  user  wants  to  be  able  to 
reintervene  in  the  patchcord  flow.  On  the  other  hand  a  storage 
provision  is  mandatory  for  obvious  security  reasons,  and 
because  as  is  usually  the  case,  the  patchcord  is  manufactured  in 
standard  length  at  the  factory. 
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CABLE  IN 


CROSS  CONNECT 


CABLE  OUT 


- 


Figure  3-3  :  Cross-connect  with  pigtails 


3.2  The  application  :  Splicing 

The  fiber  distribution  applied  in  the  present  application  is  based 
on  a  2  fiber  ring;  hence  the  interconnection  cabinet  is  the  place 
where  incoming  and  outgoing  cables  are  cross  connected  by 
means  of  2-fibers  elements.  The  topology  here  is  cross-connect 
through  pigtails  as  illustrated  in  Figure  3-3. 

The  network  distribution  cable  is  a  144  optical  fiber  cable  to  be 
managed  as  72  duplex  fibers. 


Figure  3-4 


As  described  in  Figure  3-4,  the  144  optical  fiber  core  of  the 
incoming  and  outgoing  cables  are  splitted  into  sub-element  of 
48  fibers.  Each  one  of  these  is  routed  to  a  splicing  modular  rack 
incorporating  2  organizers  receiving  2x12  fibers  each.  The 
outcome  of  this  splicing  rack  is  24  duplex  pigtails  which  are 
elegantly  recognizable  using  different  colours  for  the  incoming 
and  outgoing  cables. 


Figure  3-5 


An  actual  view  of  the  realization  can  be  seen  on  Figure  3-5 
where  we  show  a  global  view  of  the  ODF  cabinet,  the  splicing 
rack  featuring  single  subscriber  access  management  (the  same 
component  as  the  one  appearing  in  the  jointing  closure),  the 
pigtail  wiring  management  and  the  cross-connect  rack  basic  12- 
connector  tray. 

Since  our  FiberArt  organizer  did  not  offer  the  full 
individualization  of  the  pigtail  management  (see  Figure  3-6), 


Figure  3-6 
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Wingas  asked  for  a  complementary  feature,  allowing  to 
intervene  on  duplex  pigtail  without  any  risk  of  interaction  with 
other  pigtails. 

This  was  realized  as  shown  on  Figure  3-7. 


Figure  3-7:  Dual  pigtail  management 


3.3  Patchcord  routing 

The  left  hand  side  of  the  cabinet  is  devoted  to  pigtail  routing  and 
overlength  storage  managements.  Each  pigtail  is  a  2.4  mm  loose 
tube  protected  fiber.  Openable  Diabolo-shaped  drums  adjustable 
in  position  provide  attachment  and  guiding  of  the  pigtails. 
Overlength  is  managed  at  the  bottom  part  of  this  flow. 

As  an  illustration  of  the  problems  one  may  face  in  the  field,  the 
original  wiring  method  we  had  conceived  i.e  the  routing  of  all 
incoming  pigtails  in  the  same  drum  (see  Figure  3-8)  had  to  be 
modified  to  the  routing  through  the  same  drum  of  incoming  and 
outgoing  pigtails  linking  to  one  cross-connect  sub-module  (see 
Figure  3-9).  In  the  first  case  we  could  not  insure  the  principle  of 
length  preservation  on  moving  parts. 


Figure  3-8 
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Figure  3-9 


As  seen  in  Figure  3-5,  the  cross-connect  (patching)  is  a  straight 
forward  function  accomplished  in  slim  12  SC  connectors  trays 
compiled  in  72  SC-connector  assembled  racks. 

4.  Transmission  integrity 

Together  with  single  subscriber  management,  transmission 
integrity  during  installation  and  operation  is  of  course  a  must  in 
such  interconnect  equipments. 

In  order  to  make  sure  that  pertubations  occurring  during  such 
phases  were  limited  to  an  acceptable  level,  we  have  set  up  a 
specific  beta-test.  Atttenuation  measurements  of  normalized 
inputs,  1,550  nm  were  performed  at  a  sampling  frequency  of  100 
KHz  (much  higher  that  the  pertubing  action  around  1  Hz);  4  lines 
could  be  tested  simultaneously  with  this  high  speed  detection 
system. 

A  cabinet  is  equipped  with  a  full  capacity  of  192  interconnected 
G655  fibers,  i.e  192  patchcords  equipped  with  2  connectors 
SC/APC  (see  Figure  4-1). 
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Among  the  incoming  pigtails,  8  units  are  connected  to  a 
1.55  |i  EXFO  emitter  FOT  150  through  a  1x8  coupler. 
These  incoming  pigtails  are  distributed  in  4  FiberArt 
organizer  modules,  this  allows  to  test  the  interaction 
within  this  organizer  when  opening  and  closing  the  splice 
tray. 

Interaction  with  the  Operator  appears  when  one 
manipulates  the  trays  of  the  FiberArt  emitter  (or  receiver) 
organizer  modules;  when  one  acts  on  the  splicing  or  the 
cross-connect  racks  and/or  when  one  acts  on  the 
patchcord  linking  emitter  and  receiver  cross-connect 
racks. 

The  first  thing  we  want  to  ascertain  is  the  acceptable 
pertubation  level  induced  by  the  manipulation  of  the 
organizer  splice  tray. 

When  opening  and  closing  several  times  the  elementary 
organizer  tray  containing  4  fiber  splices,  the  maximum 
attenuation  variations  obtained  are  shown  in  Figure  4-3 
and  listed  in  Table  1 .  We  can  infer  from  these  results  that 
the  organizer  does  not  induce  any  sizable  pertubation  and 
is  up  to  the  user  requirement. 


FOCS/S  mechanical  splices  are  used  to  make  all  the  temporary 
connections  for  source  power  adjustment  and  output 
measurements. 

The  experimental  set  up  is  shown  in  Figure  4-2. 


Table  1:  Opening  and  closing  the  elementary 
organizer  tray 


Test  line  ref 


Figure  4-3 


When  opening  and  closing  the  swiveling  cross  connect  and 
splicing  racks  the  maximum  attenuation  variations  obtained  are 
shown  on  Figure  4-4  and  listed  in  Table  2. 
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Table  2:  Opening  and  closing  the  racks 


Test  line  ref 


Max  atten  db 

1 

2 

3 

4 

Transient  atten  var 

0.04 

0.02 

0.005 

0.005 

Static  atten  var 

0 

0 

0 

0 

Figure  4-4 

The  permanent  and  transient  attenuation  variations  appear  very 
limited. 

When  we  remove  and  reinstall  a  patchcord  completely  in  the  cross 
connect  rack  and  the  patchcord  wire  management  zone  we  get  the 
results  shown  in  Figure  4-5  and  compiled  in  Table  3. 

Table  3:  Complete  removal  of  a  patchcord 


Test  line  ref 


Max  atten  db 

1 

2 

3 

4 

Transient  atten  var 

0.11 

0.02 

0.02 

0.03 

Static  atten  var 

0 

0.005 

0 

0.005 

Figure  4-5 

We  can  of  course  confirm  that  this  operation  has  the  larger 
pertubation  transient  effect  but  does  not  induce  any  sizable 
permanent  attenuation  variation. 


5.  Conclusions 

The  present  concrete  network  deployment  of  interconnect 
equipments  incorporating  new  technology  has  proven  that  the 
principles  of  network  transmission  integrity  preservation  during 
implementation  and  operation  can  readily  be  combined  with 
ease  and  competitive  installation  features. 
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Abstract 

Structured  cabling  systems  (according  to  e.  g.  ISO  11801,  EIA/TIA 
568  A  or  EN  50173)  are  since  a  long  time  a  standard 
communication  infrastructure  for  office  buildings.  They  have  nearly 
totally  replaced  application  specific  solutions  due  to  their  flexibility 
and  the  fact  that  an  open  system  supports  competition  among 
suppliers  of  active  and  passive  network  components.  Development 
of  new  systems  will  be  based  on  the  transmission  parameters  of  the 
different  cabling  classes.  This  finally  leads  to  economical  benefits 
for  the  user. 

It  is  expected  that  a  similar  development  will  take  place  for  cabling 
of  private  homes.  Several  approaches  for  structured  home  wiring 
systems  are  presently  put  on  the  market  and  considered  in  several 
standardisation  bodies  (e.  g.  ISO/IEC  JTC  1/SC  25/WG  1,  /l/).  They 
all  are  based  on  a  star  cabling  topology  and  support  usually  voice, 
data  and  video/television  applications. 

Main  differences  are  found  referring  to  the  construction  of  the  used 
cables,  the  design  of  the  central  cable  distribution  units  and  adapted 
communication  outlets.  While  the  design  of  the  cable  distribution 
units  mainly  influences  the  clearness  of  functional  possibilities  and 
installation  practice,  the  cable  characteristics  are  decisive  for  the 
performance  of  the  total  system. 

As  too  low  cable  performance  is  crucial  for  special  applications  the 
following  criteria  are  emphasised  and  investigated  in  more  detail: 

•  length  limitations  due  to  attenuation  and  minimum  necessary 
signal  levels  for  video  and  television  applications 

•  frequency  ranges  available  for  specific  applications 

•  crosstalk  phenomena  and  the  resulting  interference  to  specific 
applications 

•  EMC-requirements  e.  g.  screening  efficiency,  transfer 
impedance 

The  investigation  show  restrictions  for  the  usage  of  twisted  pair 
cables  and  coaxial  cables  with  small  conductor  diameter  for 
television  purpose  due  to  attenuation  and  —  in  case  of  twisted  pair 
cables —  frequency  limitations.  Crosstalk  between  the  different 
elements  and  cable-sharing  has  also  to  be  taken  into  account.  High 
screening  effectiveness  of  coaxial  cables  becomes  more  important. 
Therefore  a  figure  eight  cable  consisting  of  an  overall  shielded 


twisted  pair  cable  and  a  coaxial  element  appears  to  be  the  most 
suitable  solution. 

Keywords 

home  wiring;  home  cabling;  coaxial  cable;  data  cable;  multi-core 
cable; 

1.  Approaches  to  Home  Wiring  Systems 

For  the  areas  of  interest  — distribution  devices,  cables  and 
outlets  —  the  following  approaches  can  be  found: 

1.1  Central  distribution  units 

•  modular  elements  for  each  coaxial  and  symmetrical  cable 

•  small  units  from  office  cabling  area  (e.  g.  1 0”  patch  panels) 

•  specific  developed  distribution  units  for  all  supported  services 
(figure  1) 


Figure  1:  Example  of  a  home  wiring  distribution 
unit;  services  are  each  led  to  a  specific  side 

While  down-sized  modules  from  office  cabling  are  mainly 
designated  for  small  office  applications,  modular  approaches  offer 
scaleable  solutions  but  do  not  give  clear  arrangement  inside  the 
distributing  housing.  Focussing  on  the  private  home  special 
designed  home  wiring  distribution  units  are  preferred  to  ensure  that 
the  owner  is  able  to  manage  his  home  wiring  by  himself. 
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1.2  Cables 

•  multi-core  (figure  2)  or  figure  eight  cables  (figure  3)  with 
coaxial  and  twisted  pair  elements 

•  pair  shielded  twisted  pair  data  cables  (S/STP) 


Figure  2:  Example  of  a  multi-core  home  wiring 
cable;  two  coaxial  and  one  UTP  element 


Figure  3:  Example  of  a  figure  eight  home  wiring 
cable;  one  coaxial  and  one  FTP  element 

When  multi-core  cables  are  used  the  twisted  pair  elements  carry 
voice  and  data  applications.  The  four  transmission  pairs  can  be 
divided  into  two  pairs  for  data  and  two  pairs  for  digital  or  analogue 
telephone  application.  The  coaxial  elements  transmit  video  or 
television  signals. 

In  case  of  the  application  of  pair  shielded  cables  video  or  television 
signals  have  to  be  converted  by  a  balun  to  be  transmitted.  Besides 
the  video  application  the  remaining  three  pairs  have  to  carry  the 
voice  and  data  signals. 


Figure  4:  Example  of  a  multimedia  socket  with 
outlets  for  data,  telephone,  radio,  terrestrial  and 
satellite  television 


1.3  Outlets 

In  most  cases  usual  sockets  for  data,  telephone  and  television 
services  can  be  used.  Special  outlets  which  sum  up  these  functions 
are  available  (figure  4).  In  the  case  that  pair  shielded  data  cables  are 
used  socket  which  keep  the  pair  shielding  are  preferred.  Selecting 
proven  connector  technologies  (e.  g.  F-,  IEC-typ  for  coaxial  and 
RJ45  for  data/telephone  plugs)  ensures  compatibility  to  all  end  user 
devices.  Usage  of  data  cables  with  individually  shielded  pairs 
requires  specially  developed  connectors,  balun’ s  and  patch  cords. 

2.  Cable  Performance  Requirements 

2.1  Attenuation 

The  channel  length  is  mainly  determined  by  the  attenuation  of  the 
used  cable.  For  symmetrical  cables  the  use  of  a  standard  category 
cable  according  to  ISO  11801  or  EIA/TIA  568  A  leads  to  90  m 
installation  cable  plus  10  m  patch  cable  possible  for  data  and  voice 
application.  The  ability  to  transmit  TV-signals  over  the  same 
distance  is  investigated  for  three  cable  typ's. 

For  a  symmetrical  cable  with  individual  pair  shields  with 
performance  beyond  Category?  (“Category 8”,  1200  MHz)  the 
attenuation  can  be  calculated  by  formula  1  111.  The  attenuation  of 
patch  cables  is  assumed  to  1.5  times  higher. 

- - =  1.645./ — — - 1- 0.01 — — —  (1) 

dB/lOOm  V  MHz  MHz 

Furthermore  two  common  CATV  drop  cable  typ's  are  chosen  with 
the  following  dimensions  and  properties  (table  1). 

Table  1 :  Coaxial  cables  used  for  calculation 


cable  type 

0.8/3. 5  AF 

1. 0/4.8  AF 

Cu  wire  diameter 

0.8  mm 

1.0  mm 

insulation  diameter 
(foamed  PE) 

3.5  mm 

4.8  mm 

outer  conductor 

Al-foil  +  tinned  Cu-braid 

attenuation 

dB/lOOm 

dB/100m 

450  MHz 

17 

14 

862  MHz 

25 

19 

2150  MHz 

40 

31 

Coaxial  connecting  cords  are  assumed  to  be  of  the  same  type  as 
installation  cables.  For  pairs  of  balun’s  and  CATV-outlet  sockets 
the  calculation  is  done  with  2  dB  attenuation.  The  considered 
frequencies  are  maximum  for  CATV  systems  (450  and  862  MHz) 
respectively  for  satellite  aerials  (2150  MHz).  The  results  of  the 
calculation  are  shown  in  table  2. 

The  maximum  allowable  attenuation  for  a  CATV-channel  is 
approximately  45  dB  (approximately  105  dBpV  output  level, 
minimum  60  dBfiV  receiver  input  level)  respectively  40  dB 
(approximately  90  dBpV  output  level,  minimum  50  dBpV  receiver 
input  level)  for  satellite  aerial  systems.  So  it  can  be  seen  that  the 
channel  length  has  to  be  reduced  for  transmission  over  0.8/3. 5  AF 
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for  2.15  GHz.  Using  Category  8  cables  leads  to  length  restrictions  at 
862  MHz  /3/.  Therefore  current  draft  standards  propose  50  m  of 
installation  cable  111.  2.15  GHz  is  far  beyond  the  capabilities  of 
today’s  twisted  pair  cables. 

Table  2:  Attenuation  budget  for  different 


coaxial  channels 


450  MHz 

862  MHz 

2.15  GHz 

90  m  Cat.  8 

35.5  dB 

51.2  dB 

1 0  m  Patchc. 

3.9  dB 

5.7  dB 

2xBalun 

2  dB 

2  dB 

total  att. 

41.4  dB 

58.9  dB 

100  m  0.8/3. 5 

17  dB 

25  dB 

40  dB 

socket 

2  dB 

2  dB 

2  dB 

total  att. 

19  dB 

27  dB 

42  dB 

100m  1.0/4. 8 

14  dB 

19  dB 

31  dB 

socket 

2  dB 

2  dB 

2  dB 

total  att. 

16  dB 

21  dB 

33  dB 

2.2  Crosstalk 

Signal  quality  is  possibly  affected  by  crosstalk  between  the  several 
cable  elements.  While  measuring  crosstalk  between  symmetrical  and 
coaxial  elements  in  cables  as  show  in  fig.  2  and  3  no  significant 
interference  is  detected  when  highly  screened  coaxial  elements  (e.  g. 
Class  A  of  table  3)  are  used  (values  better  than  the  dynamic  of 
100  dB).  The  shielding  of  the  coaxial  element  is  sufficient  to 
achieve  such  values  also  for  UTP/coaxial  cables.  Therefore  also 
crosstalk  between  several  coaxial  elements  will  not  lead  to  problems 
in  video  and  TV  transmission. 

When  the  system  is  designed  to  use  cable  sharing  for  the  different 
applications  (e.  g.  data  and  telephone)  an  additional  crosstalk  margin 
of  3  dB  has  to  be  added  /4/. 


Figure  5:  Measurement  of  alien-crosstalk  for  two 
unshielded  respectively  foil-shielded  data  cables 

2.3  Screening  Effectiveness 

The  proposal  for  new  screening  classes  of  CATV-cables  by  IEC 
TC46  (table  3)  indicates  the  need  for  well  shielded  cables  especially 
for  CATV-networks.  As  by  the  distribution  of  signals  in  cable-TV 
networks  phase-correllated  emission  from  multiple  leakage’s  is 
possible  this  can  be  a  serious  source  of  interference. 

Table  3:  Limit  Values  for  CATV-Cables 


(proposal  of  IEC  TC46/WG5) 


Transfer 

Impedance 

Class  A:  5  mQ/m  @  5  MHz 

Class  B:  under  consideration 

Screening 

attenuation 

Class  A:  85  dB;  30  to  1000  MHz 

Class  B:  75  dB;  30  to  1000  MHz 

For  frequencies  below  30  MHz  transfer  impedance  instead  of 
screening  attenuation  is  used  to  characterise  screening  effectiveness. 
This  frequency  range  is  important  for  return  path  signals  e.  g.  of 
cable  modems.  The  proposal  of  5  m£2/m  at  5  MHz  for  Class  A 
cables  and  somewhat  higher  for  Class  B  appears  to  be  plausible  by 
assuming  the  following  model. 


If  all  services  use  one  single  symmetrical  data  cable  with 
individually  shielded  pairs  only  cables  of  at  least  the  highest 
category  considered  in  standardisation  should  be  installed  due  to 
crosstalk  problems  of  cable  constructions  of  inferior  quality  151.  But 
also  cables  of  capabilities  beyond  Category  7  show  interference  of 
TV  signals  due  to  data  transmission  161.  This  is  the  reason  that 
proposals  of  new  standardisation  work  items  demand  for  even 
higher  NEXT  limits  referring  to  “Category  8”  111. 

A  further  effect  that  can  not  be  neglected  when  using  unshielded 
cables  is  “alien-crosstalk”.  That  means  an  interference  between  two 
or  more  unshielded  cables  laid  in  parallel.  Measurements  indicate 
that  alien-crosstalk  can  reach  a  level  comparable  to  crosstalk  inside 
an  unshielded  cable  in  worst  case  /8/.  Figure  5  shows  a  comparison 
of  alien-crosstalk  for  two  parallel  unshielded  respectively  foil- 
shielded  data  cables.  Alien-crosstalk  adds  to  crosstalk  inside  the 
cable  and  therefore  the  crosstalk  power-sum  may  exceed  limits. 


For  an  estimation  of  the  interference  field  strength  at  frequencies 
between  5  and  30  MHz  a  plane  arrangement  of  one  cable  with  the 
impedance  and  propagation  constants  of  the  inner  and  outer  system 
Zt ,  Z2,  y1  and  y2  is  considered.  Both  systems  are  coupled  by  the 
transfer  impedance  Z'k  .  At  the  place  x  appears  in  the  outer  system 
for  an  element  of  the  length  dx  an  interference  voltage  of 
U](x)  =  Ui0e-*xZ\dx/Zl  (2) 


according  to  191.  Where  Uio  is  the  voltage  at  the  beginning  of  the 
inner  system  (e.  g.  the  output  of  a  cable  modem).  This  voltage 
causes  two  partial  waves  travelling  in  positive  and  negative  x- 
direction  with  halve  of  the  amplitude.  The  part  travelling  towards 
the  beginning  of  the  cable  is: 


(3) 


For  an  infinite  long  arrangement  and  with  the  simplification 
y1  ~  y2  this  leads  to: 
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•^20  — 


AylZxZ2 


(4) 


Furthermore  it  is  supposed  that  the  magnetic  field  strength  can  be 
calculated  by  I20  /  2 nr  .  If  an  often  used  value  for  the  impedance  of 
the  outer  system  Z2  *150Q  is  supposed  the  equivalent  electrical 
field  strength  is: 


E 

dB/iV/m 


=  20  log 


UnZ'kZo  1 

87 iyxZxZ2r  [kV/m 


(5) 


Where  E/H  =  Z0=  377H  and  as  a  further  simplification  it  can 
be  assumed  that  | yx\~co/  vp. 

According  to  German  authorities  in  a  distance  of  3  m  the  disturbing 
field  strength  at  the  worst  case  frequency  (5  MHz)  has  to  be  lower 
than  34  dBjiV/m.  Together  with  some  safety  margin  for  degradation 
of  the  transfer  impedance  of  connecting  cords  by  mechanical  stress 
and  for  connectors  this  leads  to  a  demand  in  the  range  of  the 
proposal  shown  in  table  3.  When  a  data  cable  with  individually 
shielded  pairs  is  used  the  symmetry  of  the  pair  together  with  the 
transfer  impedance  according  to  ISO  11801  ensures  keeping  this 
requirement. 


3.  Conclusions 

Future  demand  for  structured  home  cabling  rises  needs  for 
appropriate  cables.  Currently  available  constructions  are  examined 
under  consideration  of  attenuation,  crosstalk  and  screening 
performance. 

Attenuation  budgets  for  typical  TV  signal  transmission  show 
restrictions  for  the  use  of  coaxial  cables  with  too  small  inner 
conductor  and  iot  trammtssAon  over 

length  has  to  be  reduced.  Crosstalk  is  a  critical  parameter  for 
symmetrical  data  cables  in  multimedia  application.  Performance 
beyond  Category  7  is  needed.  For  unshielded  data  cables  crosstalk 
between  adjacent  cables  (“alien  crosstalk”)  can  degrade  channel 
performance.  Cable  sharing  application  can  request  additional 
crosstalk  margin.  Latest  standardisation  activities  show  that 
enhanced  screening  effectiveness  of  coaxial  cables  is  needed  to 
ensure  low  interference  for  new  services  like  the  return  path  of  cable 
modems. 

A  combination  of  shielded  data  cables  and  well  screened  coaxial 
cables  appears  to  be  the  most  suitable  solution  for  home  cabling. 
Together  with  special  home  adapted  distribution  devices  structured 
home  wiring  systems  are  able  to  support  all  domestic  multimedia 
applications. 
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Abstract 

The  paper  describes  in  a  technical  and  economic  point  of  view  the 
advantages  of  different  structures  and  types  of  generic  home 
cabling  systems  to  provide  the  universal  infrastructure  for  all  kind 
of  communications  in  telephony,  television  and  data.  The  main 
discussion  topic  are  systems  for  the  European  market,  but  all 
systems  could  easily  be  adapted  to  the  US  or  world  market. 

Keywords 

home  cabling;  television;  SOHO;  twisted  pair;  coax;  balanced  cable; 
BALUN;  multimedia 

1.  Introduction 

In  business  and  industry  environment  the  past  has  shown  that  the 
earlier  unstructured  ‘cabling  as  needed’  could  lead  to  a  strong 
increase  of  costs  and  investing  in  blind  alleys.  Triggered  by  the 
rapid  development  of  the  world  wide  web,  the  experience  gained 
by  business  is  now  to  be  applied  in  private  homes  dwellings  and 
flats.  So  the  most  important  cornerstones  are  well  thought-out 
overall  concepts,  good  planning  and  high-performance  products. 

For  the  benefits  of  flexible  connection  of  all  multimedia 
equipment  into  any  room,  anywhere  in  our  private  houses,  a 
“Generic  Home  Cabling  System”  should  be  part  of  the  house 
planned  in  the  same  way  as  the  power  cabling  already  is.  Modem 
life  means  continuous  changes.  The  point  is  to  have  a  “Home 
Cabling  System”  (HCS)  which  can  be  freely  adapted  to  our 
requirements  and  makes  us  being  able  to  rearrange  the  rooms  of 
our  house  as  often  as  we  want,  without  reinstallation  -  no  drilling, 
no  milling,  no  cable  threading. 

Up  to  now  coaxial  cable  has  been  used  almost  exclusively  for 
television  transmission  systems  over  short  distances.  As  a  result, 
the  sending  and  receiving  equipment  as  well  as  the  test  equipment 
used  in  TV  technology  is  designed  for  coaxial  connection.  In 
order  to  take  the  next  step  toward  a  multimedia  cabling  system 
after  the  integration  of  data  and  voice  signals,  today  the 
transmission  of  television  signals  should  be  possible  over  the 
same  universal  cabling  system  as  data  and  voice. 

Three  concepts  for  generic  home  cabling  systems  integrating  the 
requirements  for  TV  transmission,  telephony  and  data  will  be 
discussed  in  this  paper: 

one  based  on  balanced  cables  shielded  in  pairs  with 
application-specific  connecting  cords,  pure  star  structure; 

one  based  on  hybrid  coax/data  cables  with  interchangeable 
modules,  hybrid  star/bus  structure; 

one  based  on  coax,  data  and  fiber  optic  cables,  pure  star 
structure. 


2.  Basics 

People  want  to  share  information  in  form  of  data,  voice  and 
picture  files,  they  want  to  share  devices  like  printer,  video 
recorder  or  satellite  receiver  and  they  want  to  share 
simultaneously  the  access  to  external  networks  like  telephone  or 
internet.  For  this  we  need  the  integration  of  voice,  video  and  data 
applications  and  even  home  automation  on  one  powerful  HCS. 

People  who  are  willing  to  invest  for  good  communications  want  a 
cabling  system  with  all  modem  conveniences.  That  means  a 
cabling  system  that  is  easy  structured,  easy  to  install  and  easy  to 
use.  Also  this  cabling  system  has  to  be  future  proofed,  since  the 
lifetime  of  home  cabling  systems  must  be  much  longer  than  in 
business  or  industry. 

Analog  to  generic  cabling  systems  in  business  or  industry  a 
cabling  system  in  private  homes  will  consist  of  patch  panels, 
cables  and  wall  outlets  and  the  architecture  will  be  close  to  a  star 
structure.  However  in  private  homes  rooms  are  more  often 
rearranged  and  they  change  their  intended  purpose  during  the 
years,  e.g.  from  study  to  sleeping  room.  Therefor  the  HCS  has  to 
be  very  flexible  and  should  provide  in  most  rooms  higher 
performance  than  actually  needed.  Different  to  business  or 
industry  cabling  are  also  the  installation  conditions.  In  private 
homes  there  is  less  room  for  cable  routing  and  outlets  must  be 
small  and  inconspicuous  since  beauty  is  much  more  important. 

But  the  highest  challenge  for  the  development  of  a  good  HCS  is 
the  variety  of  applications  demanded  in  private  life.  This  means 
many  different  applications  need  to  be  supported,  applications  not 
only  for  information,  communication  and  home  automation  but 
also  for  bandwidth  intensive  entertainment  and  multimedia. 

2.1  Planning 

Whereas  in  the  past  planning  of  the  cabling  as  a  function  of  the 
type  of  rooms’  use  was  perfectly  sensible,  in  view  of  the  separate 
cabling  for  telephone  and  TV,  today  planning  a  cabling 
independently  of  the  future  use  of  the  individual  rooms  should 
preferably  be  considered  for  a  application-independent  home 
cabling  system. 

Broadly  speaking  the  situation  with  regard  to  the  installation  of 
information  and  communication  technology  was  hitherto  as 
follows: 

1.  For  the  implementation  of  the  building  TV,  telephone  and  data 
networks  separate  planning  was  necessary  in  each  case  and  in  the 
past  this  was  as  a  rule  carried  out  and  implemented  by  different 
companies. 

2.  There  is  no  information  on  the  quality  of  the  application- 
specific  cabling,  alone  the  functionality  of  the  currently  desired 
applications  was  crucial  for  the  acceptance. 
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In  contrast,  the  basis  for  the  planning  of  an  application- 
independent  cabling  system  is  knowledge  of  the  high  frequency 
characteristic  of  the  cabling,  or  rather  of  each  individual  link.  If 
the  high  frequency  characteristic  is  known,  the  level  values  for  the 
active  distribution  systems  (TV,  telephone,  data,  etc.)  can  be 
suitably  determined.  If  the  building  administrator  or  owner  is  in 
possession  of  the  acceptance  report  for  the  building  internal, 
application-independent  cabling,  the  administrator  or  an  installer 
can  plan  any  new  application  and  its  distribution  in  the  building 
on  the  basis  of  the  electrical  parameters  given  there. 

The  acceptance  of  the  application-independent  cabling  and  the 
cutover  of  the  active  units  and  distribution  systems  for  TV, 
telephone,  data,  etc.  can  be  performed  separately. 

2.2  Structure 

Well-structured  generic  cabling  is  the  basis  for  a  future-oriented, 
application-independent  and  economical  network.  This  is  the 
experience  gained  by  business  and  industry  which  should  now  to 
be  applied  in  our  private  homes  and  dwellings.  Therefor  the 
design  of  HCS  and  above  all  the  cabling  structure  will  be  very 
much  the  same  as  in  the  European  standard  EN  50173: 
’’Application-independent  cabling  systems”  and  the  almost 
identical  international  standard  ISO/IEC  11801:  ’’Information 
technology  -  Generic  cabling  for  customer  premises”. 

Modem  information  and  communication  cabling  has  a  star-shaped 
structure.  These  point-to-point  connections  allow  individual 
switching,  and  flexible  logical  topologies  can  be  set  up.  On  such  a 
star-shaped  cabling  system  it  is  possible  to  operate  both  networks 
with  a  tree  topology  (ISDN),  bus  topology  (Ethernet)  as  well  as 
with  ring  topology  (Token  Ring)  without  restriction.  The  simple 
overview  makes  rapid  trouble-shooting  and  flexible  servicing 
possible. 

Whereas  in  the  past  coaxial  cabling  systems  for  TV  distribution 
have  been  set  up  in  tree  topology,  today  star  structure  is  the  state 
of  the  art.  Only  star  structure  provides  the  possibility  to 
independently  distribute  all  programs,  received  by  one  or  more 
satellite  antennas,  to  every  individual  TV  set  and  monitor. 

A  problem  in  the  case  of  star  structure  is  the  fact  that  with  many 
ports  many  cables  also  have  to  be  laid  in  parallel.  This  can  lead  to 
difficulties  in  the  case  of  cable  laying  in  confined  physical 
conditions.  A  space  problem  can  also  arise  in  the  central  node  of 
the  star-shaped  cabling  in  the  case  of  a  large  number  of  incoming 
cables.  However,  in  general  the  wish  is  to  have  as  many  ports  as 
possible  available  within  a  room,  in  order  to  be  flexible  in  the 
event  of  subsequent  rearrangement  or  of  a  change  in  the  use  of  the 
room.  Anyone  who  does  not  allow  enough  space  for  the  cabling 
and  therefore  tends  to  be  sparing  with  the  quantity  of  cable  laid 
may  later  have  to  make  recourse  to  more  expensive  and  less 
satisfactory  solutions. 

2.3  Central  Cabling  Node 

In  HCS  the  node  of  the  star-shaped  cabling  should  be  located  in  a 
central  distribution  location.  In  the  case  of  a  purely  star  structure, 
there  is  access  from  here  to  each  individual  socket.  Equipments 
which  are  located  in  different  rooms  can  be  linked  together  in  the 
central  node  by  simply  bridging  with  connecting  cables.  The 


electronic  switching  of  connections  is  of  course  additionally 
feasible. 

The  central  distribution  box  is  the  place  for  the  provision  of  all 
desired  control,  information  and  communication  services.  Here 
there  is  space  for  the  accommodation  of  systems  for  telephony, 
data  and  TV.  Examples  of  this  are  the  telephone  system,  the 
distribution  system  for  satellite  television,  ISDN  router  for  a 
shared  Internet  access  line,  heating  and  light  control,  etc. 

3.  Home  Cabling  Concepts 

In  the  following  three  concepts  for  generic  home  cabling  systems 
integrating  the  requirements  for  TV  transmission,  telephony  and 
data  will  be  briefly  presented. 

3.1  Balanced  Cabling  Concept 

Basis  of  the  balanced  cabling  concept  is  a  high  performance  4- 
pair  PiMF  cable  (PiMF  -  Pairs  in  Metal  Foil),  in  which  every  wire 
pair  has  a  separate  foil  shield.  These  type  of  cable  fulfil  the  most 
severe  requirements  of  the  international  cabling  standards  for 
customer  premises  (ISO/IEC  11801). 

The  structure  of  the  cabling  system  is  purely  star-shaped.  Starting 
from  a  central  node,  all  network  ports  are  interconnected  with 
each  other  on  a  star-shaped  basis.  As  a  result  the  system  offers 
maximum  flexibility  for  the  connection  of  the  most  diverse 
terminals  to  the  most  varied  points,  whether  between  ports  of 
different  rooms  or  between  ports  within  the  same  room. 

This  cabling  system  is  a  well  thought  out  overall  concept, 
consisting  of  a  double-shielded,  balanced  copper  cable  and  a 
modem  terminating  technology  with  a  connector  face  plan 
divisible  in  pairs.  Application-specific  connecting  cords  make 
possible  the  connection  of  any  type  of  data,  telephone  or  video 
application,  including  future  ones.  A  TV  adapter  cord  provides 
the  ideal  solution  of  integrating  all  types  of  video  applications 
into  the  same  cabling  as  for  data  and  voice  applications.  It 
performs  the  transformation  of  the  unbalanced  television  signals 
of  the  75Q  coaxial  cable  into  the  balanced  signals  of  the  100£2 
twisted  pair  (TP)  cabling.  Therefor  a  matching  transformer 
(BALUN  -  Balanced-unbalanced)  is  integrated  into  the  TV 
connector  housing.  Very  low  cable  resources  are  occupied  since 
the  multimedia  connector  on  the  other  side  of  the  cord  permits  the 
tapping  of  one  single  wire  pair. 


Fig.1 :  Multimedia  Connector  with  optional  tapping  of 
1, 2  or  4  pairs 

Fig.2:  Multimedia  Cable  -  Pairs  in  Metal  Foil 
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Fig.  3:  Balanced  Cabling  Concept 


The  overall  shield  of  the  cabling  system  provides  high  protection 
against  the  effect  of  electromagnetic  interference  fields  and 
overvoltages  at  ports  of  active  components.  With  this  a  save 
operation  is  ensured. 

Such  an  overall  concept  with  components  carefully  matched  to 
each  other  offers: 

High  transmission  reliability, 

Compliance  with  most  severe  EMC  regulations  of  European 
TV  standards, 

Flexibility  through  the  tapping  of  optionally  1 ,  2  or  4  pairs, 

Universality  and  future-orientation  through  application- 
specific  connecting  cords  and  system  reserves. 


3.2  Hybrid  Cabling  Concept 

This  concept  is  based  on  a  hybrid  coax/data  cable  and  a  hybrid 
star/bus  structure.  It  combines  the  advantages  of  star  structure  and 
bus  structure. 

In  bus  structure  the  wall  outlets  are  lined  up  along  one  cable.  This 
leads  to  considerable  saving  of  cable  and  space,  especially  in  the 
central  distribution  box,  since  there  must  not  be  installed  a 
separate  access  jack  for  every  wall  outlet. 

The  hybrid  concept  is  a  combination  of  star  and  bus  structure.  Not 
every  single  wall  outlet  but  the  wall  outlets  of  one  room  together 
are  separately  connected  over  one  cable  with  the  central  node. 
With  help  of  a  feed-through  technique  the  applications  can  be  fed 
through  from  socket  to  socket  within  one  room. 

In  this  concept  a  7 5Q.  coaxial  cable  and  a  category  5  S/UTP  cable 
(100Q)  are  fixed  together  in  a  separable  cable  compound.  The 
coaxial  cable  is  preferably  meant  to  be  used  for  broadband 
applications  as  CATV  or  satellite  TV  and  the  S/UTP  cable  is 
meant  for  all  the  other  applications  as  data  and  telephone.  Both 
cable  types  have  a  separate  universal  access.  This  means  the  outlet 
socket  is  build  up  two  times  modular.  It  consists  of  a  basic 
component  with  two  application  independent  interfaces,  one 
adapter  inserts  for  two  coax  connectors  and  one  adapter  inserts  for 
two  TP  connectors. 


Such  a  modular  concept  with  adapter  inserts  for  all  kind  of 
applications  offers: 

Cable  and  space  efficiency  through  the  feed-through 
technique, 

Compliance  with  EMC  regulations, 

Openness  for  low  cost  TV  distribution  systems, 

Future-orientation  through  the  application  independent 
interfaces. 


Fig.  4:  Adapter  Insert  for  two  Coax  Connectors 
Fig.  5:  Adapter  Insert  for  two  UTP  Connectors 
Fig.  6:  Hybrid  Cable  and  Modular  Socket 

3.3  Ail  Media  Cabling  Concept 

Nobody  really  knows  how  the  future  will  look.  So  one  who 
believes  that  pure  fiber  optic  cable  systems  will  be  the  near  future 
should  install  coax,  S/STP  and  fiber  optic  cables  in  pure  star 
structure  and  in  additional  some  vacant  pipes.  This  may  be  very 
cost  intensive  but  it  provides  the  highest  flexibility. 

Fiber  optics  is  always  seen  as  the  generic  transmission  medium  of 
the  near  future  because  of  large  bandwidth,  low  length  restriction 
and  no  EMC  problems.  But  near  future  doesn’t  seem  to  come 
closer  since  all  equipment  still  work  electronically  and 
optoelectronic  converter  are  still  to  expensive  especially  for 
telephone.  At  the  same  time  copper  cables  and  connectors, 
modulation  techniques  and  source  coding  are  getting  more  and 
more  powerful.  So  “fiber  to  the  desk”  may  be  a  solution  for 
business  and  industry  if  one  will  exclusively  employ  high  data 
rate  transmission  systems  up  to  the  desktop  of  the  user  and  using 
voice-over-IP  for  phoning  and  video-conferencing,  but  for  HCS 
fiber  optics  as  a  cost-effective  solution  seems  to  be  far  away. 

So  one  may  use  S/STP  for  data  and  voice,  coax  for  video  and 
fiber  optics  for  future  applications  or  to  span  large  distances. 

Such  an  all  cable  concept  with  standard  termination  techniques 
offers: 

Compliance  with  EMC  regulations, 

Openness  for  low  cost  TV  distribution  systems, 
Future-orientation  through  the  use  of  all  cable  types. 
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4.  TV  Distribution  Concepts 

Since  the  highest  challenge  for  the  development  of  a  good  HCS  is 
the  integration  of  TV,  TV  distribution  concepts  will  be  discussed 
before  we  will  compare  the  different  HCS  concepts. 

There  are  many  possibilities  for  TV  distribution  over  an 
application-independent  cabling  system.  Two  will  be  presented  in 
this  paper.  The  TV  signals  originating  from  broadband  cable, 
satellite  or  from  terrestrial  reception  are  fed  over  low-loss  coaxial 
cable  to  the  central  distribution  point.  After  possible  processing, 
splitting  up  and  amplification,  they  are  here  fed  to  the  input 
receptacle  which  is  connected  to  the  desired  output  socket  via  the 
multimedia  cabling. 

Starting  from  the  output  level  of  the  head  end  unit  or  the  antenna 
system,  the  level  appearing  at  the  output  socket  can  be  calculated 
as  a  function  of  the  attenuation  characteristic  of  the  intervening 
cable  link.  From  this  the  extent  to  which  additional  amplifiers 
must  be  used  can  be  seen. 

In  the  following  we  will  concentrate  on  Sat  TV  distribution  since 
there  the  largest  bandwidth  is  in  use.  In  order  to  obtain  more 
transmission  capacity,  the  satellite  programs  are  radiated  in  two 
planes  of  polarization  (vertical  and  horizontal).  Thus  without 
additional  conversion  only  the  programs  of  one  or  the  other  of  the 
planes  of  polarization  can  be  parallel  transmitted  over  a  single 
broadband  cable. 

4.1  Remote-controlled  Sat  Receiver 

This  concept  places  the  Sat  receivers  in  the  central  distribution 
box.  This  means  there  are  several  remote-controlled  Sat  receiver 
modules,  each  module  alone  supplying  a  single  customer  with  a 
standard  amplitude  modulated  TV  signal.  Each  customer  is 
assigned  a  different  TV  channel  (frequency  range)  for  the 
transmission  of  the  TV  signal  from  the  receiver  module  to  the  TV 
set.  With  a  remote-control  unit  the  customers  can  control  their 
respective  receiver  modules  and  select  their  desired  programs 
from  the  complete  spectrum  of  received  satellite  programs.  The 
remote-control  unit  uses  an  extra  wire  pair  for  transmission  of  the 
control  signals.  The  remote  control  of  the  head  end  is  thus 
independent  of  the  type  of  TV  distribution  network  (bus,  tree  or 
star  topology). 

4.2  Remote-controlled  Transponder  Conversion 

The  bandwidth  over  which  the  individual  program  packages  can 
be  transmitted  via  satellite  is  limited  by  the  satellite  transponders 
to  approximately  40  MHz.  Thus  1  analog  and  up  to  8  digital 
television  programs  can  be  transmitted  via  a  transponder.  If,  in 
accordance  with  program  selection,  only  one  40  MHz  frequency 
band  of  a  transponder  is  always  converted  from  the  1st  Sat  IF 
range  to  the  standard  TV  frequency  range,  the  demands  made  on 
the  distribution  network  are  considerably  simplified.  With  the  aid 
of  such  a  transponder  converter  any  desired  television  program 
can  be  transmitted  over  the  star-shaped  building  cabling  with  the 
lowest  possible  attenuation.  At  the  other  end  in  turn  the 
conversion  back  into  the  IF  range  suitable  for  the  Sat  receiver 
takes  place. 


The  transponder  conversion  is  independent  of  whether  the  signals 
are  in  digital  or  in  analog  form  and  whether  it  is  a  case  of  radio  or 
television  signals,  or  arbitrary  digital  data  signals. 

It  is  controllable  via  the  normal  remote-control  unit  of  the  Sat 
receiver.  This  allows  to  switch  through  any  program  to  the 
television  set  that  is  received  by  the  satellite  dish. 


Fig.  7:  Remote-controlled  Sat  receiver 


Frequency  slot  in  whichTV  transmission  takes  place 


Fig.  8:  Transponder  conversion 
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Tab.1. Comparison  Home  Cabling  Concepts 


HCC 

BCC 

TV  channels  ud  to  450  MHz 

CATV  German  Telekom 

V 

V 

transmission  of  a  complete 
transponder  packet  remote 
controlled  by  the  Sat  receiver 

V 

V 

Internet  TV,  MPEG-2 

V 

V 

TV  channels  ud  to  860  MHz 

Terrestrial  TV  and  private  CATV 

V 

— 

SAT-IF  distribution 

950-2150  MHz 

transmission  of  1  polarization 
plane  of  1  Sat  position 

V 

— 

Telephone,  Data,  Multimedia 

ISDN,  ADSL,  POTS 

V 

V 

10BASE-T,  100BASE-T 

V 

V 

Gigabit  Ethernet 

— 

V 

BCC  -  balanced  cabling  concept 
HCC-  hybrid  cabling  concept  as  well  as  all 
media  cabling  concept 

5.  Comparison 

In  table  1  the  balanced  cable  concept  and  the  hybrid  cable  concept 
are  compared  in  their  capability  relating  to  the  most  important 
applications.  One  can  see  that  with  high  performance  balanced 
cable  systems  not  all  standard  amplitude  modulated  TV  channels 
can  be  transmitted  at  the  same  time  over  one  cable.  The  reasons 
for  this  are  that  attenuation  increases  steeply  with  higher 
frequencies  and  that  even  specially  developed  BALUNs  do  not 
work  in  a  very  high  quality  over  the  whole  frequency  range  up  to 
860MHz.  But  nevertheless  all  actual  Telekom  CATV  channels 
can  be  fed  through  and  for  transmission  of  more  TV  channels  new 
distribution  techniques  as  the  “customer-controlled  transponder 
conversion”  can  be  used. 

As  far  as  Sat  TV  is  concerned  even  with  a  good  coaxial  cable 
there  are  strong  difficulties  to  transmit  all  programs  at  once  that 
can  be  received  by  one  satellite  position.  But  this  is  necessary  to 
be  able  to  use  a  TV  set  and  a  video  recorder  independently  at  one 
link.  If  we  look  further  in  the  future  we  should  rise  the  question 
whether  in  5  or  10  years  video  on  demand,  pay  per  few,  internet 
TV  and  a  private  video  hub  will  not  play  a  much  bigger  role  than 
channel  hopping  between  hundreds  of  TV  programs.  And  to 


transmit  1,2  or  3  TV  channels  at  once,  the  2  GigaHz  frequency 
bandwidth  of  a  coaxial  cable  is  not  necessary.  However,  the  actual 
TV  distribution  hardware  is  developed  for  coaxial  cables  and 
therefor  it  is  still  cheaper  to  use  coaxial  cable  for  TV 
transmission.  Also  the  link  length  for  balanced  cable  systems  is 
limited  to  about  50  meters  in  case  of  CATV  transmission  up  to 
450MHz  but  even  with  a  good  common  coax  cable  the  SAT-IF 
transmission  will  end  at  65  m  due  to  the  high  frequency  of  2  GHz. 

As  we  said  earlier  simplicity  is  important  for  the  acceptance.  The 
feed-through  technique  which  comes  together  with  the  hybrid 
cable  concept  presented  in  this  paper  is  more  complicate  to  handle 
than  a  pure  star  structured  system.  For  this  system  detailed 
documentation  is  important  to  assure  easy  future  servicing, 
whereas  for  a  point  to  point  connection  a  special  documentation  is 
not  necessary  since  assignment  is  evident. 

As  far  as  only  the  passive  cabling  system  is  concerned  a  balanced 
cabling  system  is  the  most  cost-effective  one  since  product  and 
installation  costs  are  the  lowest.  But  taking  also  active 
components  into  account  the  hybrid  coax/data  cable  system  brings 
savings  by  using  cheaper  TV  distribution  hardware. 

6.  Market  Situation 

The  question  is  how  HCS  will  become  a  part  of  the  houses 
planning  in  the  same  way  as  the  power  cabling  already  is?  Selling 
HCS  without  applications  will  convince  not  any  customer.  It  is 
absolutely  necessary  to  provide  turn  key  solutions  including 
active  components.  This  solutions  must  be  easy  to  handle  and  to 
install  since  nobody  else  than  conventional  electrician  have  to  do 
the  work  at  the  end.  Relating  to  benefits  and  costs  HCS  must  win 
the  comparison  with  wireless  solutions.  This  does  not  mean  that 
both  could  not  go  together,  but  it  must  be  shown  that  pure 
wireless  solutions  are  less  powerful,  more  cost  intensive  and  more 
susceptible  to  interferences.  Wireless  applications  as  Bluetooth, 
DECT,  DAB,  infrared,  etc.  must  be  seen  as  good  completion  to 
HCS.  As  far  as  the  important  internet  access  is  concerned  xDSL  is 
a  very  cost  effective  way  of  upgrading  the  copper  infrastructure 
and  competing  against  fiber  and  wireless  competitors. 

7.  Conclusions 

Today  the  transmission  of  television  signals  over  the  same 
universal  cabling  system  as  data  and  voice  is  already  reality. 
Cabling  systems,  composed  of  a  high-performance  terminating 
technology  and  balanced  cables  shielded  in  pairs  are  fully  capable 
for  the  transmission  of  television  signals  and  thus  multimedia- 
capable.  The  conversion  of  the  unbalanced  television  signals  to 
the  balanced  signals  of  the  TP  cabling  is  performed  by  a  BALUN 
integrated  in  special  connecting  cords.  As  things  are  getting  more 
and  more  complicated:  the  simpler  the  cable  system  is  to  handle, 
the  faster  it  will  be  accepted.  Star-shaped  TP  cabling  systems  are 
most  flexible  and  simple.  But  as  TV  equipment  is  designed  for 
coaxial  connection  hybrid  coax/TP  cabling  systems  are  still  the 
most  cost-effective  ones. 

With  the  integrate  of  different  cable  systems  for  different 
applications  in  one  generic  cabling  we  have  to  bring  the 
knowledge  and  the  language  of  different  professions  together 
under  one  roof.  Therefor  the  role  of  the  facility  manager  as  the 
integrator  of  varied  disciplines  and  planning  processes  will  be 
more  and  more  important. 
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8.  Abbreviations 

BALUN  -  Balanced-unbalanced 

CATV  -  Cable  Television 

EMC  -  Electromagnetic  Compatibility 

HCS  -  Home  Cabling  System 

PiMF  -  Pairs  in  Metal  Foil 

POTS  -  Plain  Old  Telephone  Service 

S/STP  -  Screened  Shielded  Twisted  Pair 
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Abstract 

This  paper  deals  with  preliminary  France  Telecom  R&D  studies 
in  the  field  of  “in-door”  low  voltage  networks,  called  “PowerLine 
Technology  ”  (PLT). 

Its  relates  the  tests  defined  and  realized  by  FTR&D  for  the 
evaluation  of  PLT.  The  goal  of  our  research  is  to  re-use  the 
existing  low  voltage  network  inside  residential  houses  for 
broadband  services. 

Preliminary  studies  on  both  infrastructure  and  PLT  systems  show 
that  it  is  possible  to  provide  a  good  connection  to  Internet  services 
(web)  and  to  transfer  data  between  two  home  PC’s. 

Initially,  a  reference  infrastructure  is  defined  in  order  to  recreate 
the  characterization  of  the  low  voltage  network  in  terms  of 
attenuation  and  characteristic  impedance. 

Subsequently,  tests  performed  on  equipment  such  as  indoor 
modems  are  carried  out  for  transmission  (tests  on  IP  services)  and 
Electro-Magnetic  Compatibility  (EMC)  which  are  an  important 
aspect  of  these  studies. 

Finally,  a  point  is  made  on  the  domain  of  the  standardization  of 
the  PLT. 

Keywords 

Powerline;  Low  voltage  network;  Home  network; 
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1.  Introduction 

More  and  more  households  are  equipped  with  electronic  devices 
such  as  TV  sets,  VCRs,  PCs,  phones,  video  cameras,  etc. 

The  aim  of  telecommunications  operators  is  to  distribute  all  kind 
of  services  (home  automation,  phone,  multimedia,  video,  etc.) 
behind  different  types  of  broadband  access  networks  like  ISDN, 
xDSL,  FTTx,  cable,  satellite,  etc. 

These  services  have  to  be  available  in  each  room  creating  a  small 
local  area  network  (mini-LAN)  in  the  house. 

Different  media  can  be  used:  wired  media  (copper  pairs,  optical 
fibers,  etc.)  and  wireless  (radio,  infra-red,  etc.).  For  wired 
solutions,  a  major  question  is  the  use  of  new  cabling,  with 
problems  of  installation,  cost,  etc. 

The  use  of  the  existing  low  voltage  network  (or  Powerline)  offers 
one  main  advantage:  it  is  provided  in  every  room! 


2.  Characterization  of  “INDOOR”  low 
voltage  network  (or  Powerline) 

2.1  Introduction 

To  carry  out  the  characterization  of  powerlines,  medium  used  in 
PLT,  a  reference  infrastructure  is  defined  with  the  following 
parameters:  topology,  cable  length,  outlets,  etc. 

So  characterization  is  achieved  in  two  ways:  with  and  without 
voltage  on  the  lines. 

The  most  significant  parameters  for  good  quality  transmission  are 
attenuation  and  characteristic  impedance. 

This  chapter  describes  in  detail  the  measurements  of  characteristic 
impedance  and  attenuation  in  the  following  two  ways 

2.2  Evaluation  of  Powerline  infrastructure 

2.2. 1  Definition  of  the  infrastructure  under  test 

The  infrastructure  is  made  up  of  a  low  voltage  network  called 
“house  no.l”  with  two  rooms  70  metres  apart. 

The  network  installed  in  “house  No.l,  room  No.l”  is  shown  in 
figure  1. 

The  caption  on  the  outlets  means:  (line  number,  outlet  number  on 
the  line)  and  length  of  the  line  from  the  repartition  tab  and  the 
outlet  in  metres. 

This  network  is  typical  of  residential  customers  with  one  single¬ 
phase  electrical  meter,  one  500mA  differential  circuit  breaker,  a 
repartition  tab  equipped  with  fuse  for  each  line  in  the  room  (see 
figure  2). 


Figure  1:  “house  no.l,  room  no.l”  low  voltage 
network  diagram 
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These  lines  are  made  with  traditional  cable  (“H07  type”)  as  used 
in  residential  houses. 

In  our  network,  one  line  is  made  with  both  traditional  cable  (line 
2)  and  a  new  twisted  pair  cable  with  70mm  lay  (line  6)  in  order  to 
compare  the  characteristic  performances  of  PLT. 


Figure  4:  characteristic  impedance  measurement 
2.2.3  Attenuation  measurement  without  voitage 


Figure  2:  installation  of  the  indoor  powerline 
infrastructure 

2.2.2  Measurement  devices 


Figures  5  and  6  show  the  attenuation  curves  of  the  powerlines  in  a 
frequency  band  up  to  100MHz  for  50  metres  lines  with  4  outlets. 
Since  the  line  is  disconnected  from  the  repartition  tab,  this  one  is 
not  taken  into  account  in  the  measurement. 


The  measurement  method  used  for  powerline  is  the  same  as  for 
the  characterization  of  telecommunications  cables.  All  the 
powerline  measurements  are  carried  out  with  a  network  analyzer. 
The  test  set  up  is  composed  of  a  network  analyzer  connected  to 
the  network  via  an  adaptation  box  and  two  baluns  for  the 
measurements  under  voltage. 

The  attenuation  measurement  is  shown  in  figure  3  and  the 
characteristic  impedance  one  in  figure  4. 

The  network  analyzer  does  not  allow  high  voltage  (few  volts 
only),  so  adaptation  boxes  have  to  be  used  between  powerline  and 
the  device  used  to  carry  out  the  measurement  under  voltage. 


Figure  3:  attenuation  measurement 


Attenuation  PLC  UNL  C2  4pr  L=50m 


- Circuit  2 

I - C2  +  C1 

j - C2  +  C1  etC3 

i - C2  +  C3 


Frequency  in  MHz 


Figure  5:  attenuation  measurement  of  traditional 
cable 


Figure  6:  comparison  of  attenuation  for  traditional 
cable  and  twisted  pair  cable 


The  average  attenuation  is  approximately  the  same  for  the  two 
types  of  cable,  with  better  regularity  for  the  twisted  pair  cable. 
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2.2.4  Characteristic  impedance  without  voltage 

Figure  7  shows  the  characteristic  impedance  curve  of  the 
powerlines  (classical  cable  and  TP  cable)  in  a  frequency  band  up 
to  100MHz  for  the  same  line  (50  metres,  4  outlets). 

Since  the  line  is  disconnected  from  the  repartition  tab,  it  is  not 
taken  into  account  in  the  measurement. 


CHARACTERISTIC  IMPEDANCE  PLC 


Frequency  In  MHz 


Figure  7:  comparison  of  characteristic  impedance 
for  traditional  cable  and  twisted  pair  cable 


For  traditional  cable,  the  impedance  fluctuations  are  high  and 
depend  on  several  parameters  (cable  length,  number  of  outlets, 
number  of  connected  devices,  etc.). 

For  the  twisted  pair  cable,  the  curve  is  more  stable  and  the 
average  value  fluctuates  slightly  around  50  and  100  Ohm. 

2.2.5  S-Parameters  (cables  under  voltage) 

The  measurements  taken  are  the  impulse  responses  of  the 
transmission  channel  and  the  S21  parameter. 

The  equation  of  the  S21  parameter  is  as  follows: 


coshW  +  ^^r  +  ^jsinhOC) 

The  attenuation  (or  insertion  loss)  is  calculated  with  the  S21 
parameter  as  following: 

Insertion  Loss[dB]  =  — 201og(|-S'21 1) 

As  previously  stated,  these  measurements  are  made  with 
adaptation  boxes  to  de-couple  the  50Hz  so  as  not  to  destroy  the 
measuring  equipment  and  to  be  able  to  inject  and  recover  the 
signal  on  the  powerline.  These  coupling/de- coupling  elements  are 
constructed  on  the  basis  of  figure  8. 


Figure  8:  RF/electrical  line  coupler 

The  coupler  characteristics  are:  5dB  transmission  loss  and  -  lOdB 
return  loss  in  a  frequency  band  from  1  to  30MHz,  sufficient 
performances  to  simulate  the  future  device  implemented  in  the 
final  modems. 

A  serious  limitation  for  the  time  domain  measurement  concerns 
the  choice  of  the  pulse  width  and  shape.  The  chosen  parameters 
are  as  follows: 


Frequency  band 

1  to  100MHz 

Time  domain 

0  to  500ns 

The  main  parameters  analyzed  are: 

several  line  lengths,  up  to  100  metres,  which  are 

representative  of  most  of  the  lines  in  a  house, 

with  and  without  interference  (TV-set,  hair-drier,  heater,  etc.) 

Figures  9  and  10  show  the  measurement  results  for  the  same  line 
as  previously  used  (50  metres,  4  outlets). 


Figure  9:  impulse  response 


Figure  10:  (s21)  parameter  module 
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2.3  Conclusion 

The  first  results  in  low  voltage  network  characterization  show  a 
small  difference  in  parameters  between  the  measurements  with 
and  without  voltage.  This  needs  to  be  confirmed  with  further 
measurements. 

The  characterization  under  voltage  is  interesting  because  it  is 
representative  of  a  real  environment.  The  next  step  is  to  carry  out 
these  same  measurements  in  customers’  houses  during  future  field 
trials. 

The  characteristics  of  the  twisted  pair  cable  are  better  than  the 
traditional  cable  and  the  use  of  such  a  cable  would  allow 
powerline  transmissions  to  be  optimized. 

3.  Equipment  tests 

3.1  Introduction 

PLT  systems,  as  other  communications  broadband  systems  such 
as  ADSL,  have  the  same  constraints:  reliable  transmitted  data 
with  advanced  modulation  technologies  (OFDM  or  GMSK)  and 
error  controls  with  the  feature  of  not  producing  emission  and 
conduction  noises  that  pollute  the  electromagnetic  environment. 

Following  the  example  of  xDSL  technologies,  the  main 
application  for  the  PLT  is  to  provide  Internet  access  with  average 
and  high  bit  rates. 

3.2  Transmission  tests  with  IP  server 


Figure  1 1 :  test  set  up  with  PLT  modems 
connected  to  an  IP  server 

3.2.2  Quality  of  transmission  with  IP  services  on 
Powerline 

Firstly,  PLT  modems  are  tested  with  IP  services  simulated  using 
simulation  software. 

Secondly,  the  access  to  real  services  is  verified. 

Thirdly,  other  services  are  added  with  the  simulation  software. 
Then,  several  parameters  are  analyzed  (number  of  applications 
required,  frequencies,  power). 


The  first  goal  is  to  verify  that  services  offered  to  future  ADSL 
customers  can  be  transported  on  low  voltage  networks  using  PLT 
modems. 

The  second  goal  is  to  analyze  the  transmission  quality  of  one  or 
several  of  these  services  according  to  several  parameters  such  as 
simulated  services,  channel  quality,  electrical  perturbation. 


3.2.2. 1  Tests  with  simulated  IP  services 
•  Without  interference 

With  file  transfer  tests,  the  minimum  power  for  satisfactory 
running  without  interference  is  calculated. 

The  results  show: 


3.2.1  Test  configuration 

The  test  configuration  is  as  follows  (see  figure  1 1): 

•  the  modems  are  placed  at  the  end  of  the  lines  in  order  to  have 
the  maximum  length 

•  modems  and  PC  IP  addresses  are  chosen  to  operate  under  a 
sub-network  specified  in  the  ADSL  modem/router 

•  the  bit  rates  are: 
downstream:  1.20  Mbit/s  max. 
upstream:  0.76  Mbit/s  max. 


Frequency 

minimum 

power 

IP  Test 

FEC  Led 

5  to  25  MHz 

-37dBm 

OK 

no  error 

The  configuration  used  without  perturbation  shows  a  good 
transmission  with  minimum  power  (-37  dBm)  and  a  bit  rate  of 
1.27  Mbit/s. 

•  Interference  due  to  a  hair-drier 

The  use  of  a  hair-drier  (for  interference),  connected  as  shown  in 
the  figure  11,  produces  transmission  stops  and  even  modem  de- 
synchronization,  with  the  previous  minimum  power  (-  37dBm). 
The  emitted  power  Pe=  -25dBm  is  then  chosen  to  measure  the 
effect  of  interference  on  transmission. 
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3.2.2.2  Tests  with  real  and  simulated  IP  services 

The  goal  is  to  monitor  the  behavior  of  the  PLT  modems  with  a 
large  demand  in  services. 


•  Without  interference 

The  superposition  of  video  services  and  file  transfers  can  be 
carried  out  correctly  in  these  conditions: 

the  number  of  file  transfers  is  quite  low  (two  with  voice  over 
IP) 

these  transfers  have  to  avoid  the  modems  used  for  video 
services 

If  these  conditions  are  not  met,  the  following  faults  occur: 
the  video  bit  rate  fluctuates  and  decreases 
then  the  image  becomes  fixed 
file  transfer  bit  rates  increase  (see  figure  12) 
the  global  bit  rate  stays  about  1 .3Mbit/s. 


Figure  13:  bit  rates  variation 
3.2.3  Conclusion 


There  is  no  obvious  synchronization  between  the  fluctuation  of 
the  image  quality  and  the  bit  rate:  resulting  in  a  shift  of  a  few  1/10 
second. 


Throughput 


Figure  12:  bit  rates  variation  with  several  service 
applications 


The  test  results  are  generally  very  interesting: 

•  The  IP  configuration  of  PLT  modems  is  correctly  designed 
for  the  adaptation  at  the  connection  to  the  IP  services. 

•  The  behavior  of  the  services  and  bit  rates  in  regard  to 
different  constraints  such  as  several  service  demands  is 
normal. 


3.3  EMC 

3.3.1  Test  configuration 

A  point-to-point  link  is  made  between  two  PCs  (with  an  Ethernet 
interface)  via  the  PLT  modems  and  the  low  voltage  network. 

For  conduction  measurements,  the  modulation  used  by  the 
modems  is  GMSK  which  allows  a  good  spectral  efficiency. 

For  emission  measurements,  the  modulation  used  by  the  modems 
is  OFDM. 

3.3.2  Conduction  measurements 


•  With  interference 

•  Measurements  of  the  signal  and  direct  noise  on  low 

Same  previous  remarks  can  be  made.  voltage  network 

New  remarks  are  (see  figure  13): 

the  use  of  the  hair-drier  reduces  the  bit  rate  which  decreases  The  principle  is  to  have  the  frequency  spectrum  with  and  without 

from  1.3Mbit/s  to  l.lMbit/s  with  a  power  level  of-25dBm  PLT  signal  on  the  line  between  10kHz  and  30MHz  (see  figure  14). 

again,  the  use  of  the  hair-drier  creates  interference  at  all  the 
frequencies. 
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Figure  14:  EMC  measurements  on  the  low  voltage 
network 


The  intrinsic  noise  of  the  low  voltage  network  is  a  serious 
problem  for  the  efficient  running  of  PLT  because  even  with 
modems  shut  down,  the  limit  of  the  standard  is  exceeded  at 
some  frequencies  (around  500kHz). 

This  initial  research  on  the  measurements  of  conducted  noise  with 
different  interfaces  show  the  difficulty  of  interpreting  the  results 
due  to  the  measurement  conditions  which  differ  greatly  for  each 
situation. 

For  future  characterizations  and  in  order  to  compare  the  results,  it 
is  very  important  to  define  a  single  precise  measurement  condition 
and  respect  this  condition. 

3.3.3  Conducted  emission  measurements 

These  measurements  are  made  with  and  without  interference. 


The  noise  is  recorded  instantaneously.  A  PLT  carrier  is  seen  at 
2 5 MHz  with  a  level  of  -5 dBm  and  noise  can  be  seen  up  to  about 
15MHz. 

The  relatively  high  noise  on  the  low  voltage  network  around 
5MHz  and  10MHz  shows  the  small  margin  available  in  these 
frequency  bands  to  operate  the  PLT.  The  question  is  to  decide 
whether  this  noise  is  intrinsic  to  the  line  or  related  to  the 
environment. 


•  Measurements  of  conducted  emissions  with  LISN 
according  to  the  EN55022  standard 

The  Line  Impedance  Stabilization  Network  (LISN)  is  placed  in 
series  with  the  line  and  allows  the  conducted  HF  interference  to 
be  measured  according  to  the  EN  55022  standard. 

This  is  a  common  mode  measurement,  between  phase-earth  and 
neutral-earth. 

The  PLT  signal  being  emitted  between  phase  and  neutral 
(differential  mode),  this  measurement  is  taken  to  evaluate  the  way 
in  which  this  test  should  be  applied  (according  to  the  standard)  to 
the  PLT  (see  figure  15). 


Figure  15:  measurements  with  LISN 


The  PLT  carrier,  at  its  maximum  level,  exceeds  the  limit  of  the 
EN  55022  standard  by  about  40  dB. 

Taking  into  account  the  measurement  conditions,  the  results  must 
be  relativized  and  the  actual  value  is  below  40dB. 

The  result  shows  that: 

generally,  PLT  has  more  interference  than  xDSL  systems  (in 
particular  ADSL). 


On  an  electrical  outlet,  the  PLT  signal  spectrum  is  measured  on 
the  one  hand  with  the  stationary  noise  on  the  line  and  on  the  other 
with  hair-drier  noise  (see  figures  16  and  17). 
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Figure  16:  conducted  emission  on  a  low  voltage 
network  with  modems  and  without  interference 
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Figure  17:  conducted  emission  on  a  low  voltage 
network  with  modems  and  with  interference 

The  result  shows  a  high  Signal/Noise  Ratio  (SNR)  margin  in  the 
presence  of  stationary  noise  (this  means  that  the  OFDM  carriers 
should  probably  be  reduced). 

But  when  the  hair-drier  is  in  use  the  margin  is  very  small. 
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3.3.4  Conclusion 

This  initial  research  in  EMC  on  indoor  PLT  shows  the  real 
problems  to  be  solved  for  the  development  of  the  PLT. 

Concerning  interference,  the  standardization  defined  only  for 
conducted  emission  below  30MHz  is  not  sufficient  for  PLT.  The 
measurements  in  conducted  emission  must  be  stabilized. 

The  use  of  LISN  (standardized  according  to  EN  55022)  is  not 
realistic  with  the  use  of  PLT  modems  because  the  link  is  not  bi¬ 
directional. 

In  terms  of  immunity  and  radiated  emission,  measurements  have 
to  be  made  on  PLT. 

Modulation  techniques  and  error  correction  codes  should  allow 
the  low  voltage  network  to  be  used  as  a  medium  for  broadband 
transmission. 

The  aim  is  to  find  an  acceptable  compromise  between  a  sufficient 
emission  power  level  (good  transmission  quality)  and  a  low 
emission  power  level  so  as  not  to  perturb  the  environment. 


interference.  The  goal  of  the  subsequent  research  is  to  find  an 
acceptable  compromise  between  good  transmission  and  low 
interference  in  terms  of  emission  power,  with  the  possibility  of 
accelerating  the  PLT  standardization  process. 

Finally,  the  initial  tests  on  IP  transmission  with  real  Internet 
services  and  a  bit  rate  in  the  Mbit/s  range  point  the  way  to  future 
field  trials  with  real  customers  in  a  real  environment,  which  will 
be  the  next  step  for  FTR&D  in  the  domain  of  PLT. 
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4.  Standardization 

There  is  only  one  standard  in  this  area,  called  EN  50065  [1], 
taking  into  account  frequencies  from  3kHz  to  148.5kHz,  created 
by  the  CENELEC  and  part  of  harmonized  standards  concerning 
the  European  EMC  directive. 

One  of  the  hindrances  to  the  development  of  PLT  is  the 
uncertainty  surrounding  the  regulations  (standard,  limit  values, 
etc.)  to  be  applied  in  terms  of  EMC. 

It  is  easily  understandable  that  high  bit  rate  transmission  over  an 
unshielded  untwisted  pair  can  generate  high  levels  of 
electromagnetic  interference. 

Thus,  current  work  in  standardization  for  defining  specific  limits 
for  these  systems  is  advancing  slowly  because  of  the  divergence 
of  points  of  view  and  interests  (on  the  one  hand  development  of 
PLT  transmission  systems  and  on  the  other,  protection  of  radio¬ 
electric  services  used  under  30  MHz). 

Several  standardization  bodies  are  working  on  the  domain: 
CENELEC  TC  205,  210  and  215,  ETSI  and  CEPT. 

A  common  project  including  these  bodies  began  at  the  beginning 
of  the  year  2000  under  the  following  name:  ETSI  Project  PLT. 
Fora  are  working  in  parallel  and  are  now  co-operating  in  the  PLT 
forum. 

In  terms  of  EMC,  two  major  approaches  being  studied,  with  both 
advantages  and  disadvantages: 

•  The  “chimneys”  approach 

•  the  “flat”  approach. 


5.  Conclusion 

Preliminary  FTR&D  research  in  the  power  line  technologies  field 
is  very  interesting. 

Concerning  the  characterization  of  the  low  voltage  network, 
measurement  can  be  made  when  voltage  is  present  on  the  line 
with  good  results  that  represent  a  real  situation.  The  use  of 
twisted  pair  cable  can  generate  a  new  way  to  transmit  the  PLT. 
The  characterization  in  real  customers  houses  will  be  carried  out 
soon  during  future  field  trials. 

The  EMC  measurements  reveal  the  problems  to  be  solved  for  the 
development  of  PLT  in  terms  of  conducted  and  emitted 
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Abstract 

The  paper  presents  an  analytical  approach  to  the  calculation  of  the 
return  loss  from  a  cascaded  system  of  V  discrete  components, 
such  as  cables  and  connectors,  based  on  knowledge  of  the 
impedance  and  the  propagation  constant  of  each  element.  The 
impedance  and  the  propagation  constant  may  be  obtained 
analytically  or  experimentally.  The  return  loss  prediction  also  takes 
into  account  variations  in  the  termination  impedance  and  in  length 
of  cables.  Results  are  compared  with  those  obtained  using  other 
analytical  methods  and  are  also  compared  with  simulations  of  the 
communication  channel  based  on  the  Transmission  Line  Matrix 
(TLM)  method  and  with  measurements.  These  comparisons 
confirm  the  validity  of  the  derived  equation. 

1.  Background 

In  the  development  of  Category  5e,  and  latterly  Category  6 
cabling,  a  deeper  understanding  of  a  wider  range  of  transmission 
line  characteristics  of  the  cabling  system  has  been  required. 
Particularly  with  respect  to  the  new  emerging  protocols,  e.g. 
lOOObaseT.  One  such  characteristic  is  Return  Loss  ( RL ),  which 
has  proved  problematic  with  respect  to  development  of  certain 
components,  in  particular  patchcords.  The  theory  in  this  particular 
field  is  not  well  developed  and  has,  consequently,  presented 
standardisation  bodies  and  the  industry  in  general  with  challenges 
in  definition  of  component  performance  levels  and  in  setting 
requirements. 

The  performance  of  twisted  pair  copper  cables  can  not  be  fully 
predicted  unless  the  secondary  parameters  of  the  cable,  such  as 
return  loss,  propagation  constant  and  characteristic  impedance  can 
be  determined.  Calculations  frequently  used  to  determine  the 
return  loss,  only  take  into  account  the  mismatching  between  the 
characteristic  impedance  of  the  cable  and  the  load  impedance  [1]. 
They  generally,  do  not  take  into  account  the  mismatching  between 
the  impedance  of  the  cable  and  the  source  impedance. 

Return  Loss,  RL ,  and  Structural  Return  Loss,  SRL ,  are  measures 
of  the  reflected  signal  at  the  sending  (near)  end.  They  represent 
the  combination  of  the  structural  effects  (irregularity  and  handling 
effects)  and  the  effects  of  the  departure  from  the  nominal 
characteristic  impedance  of  the  cable.  The  importance  of  the  SRL 
is  that  it  increases  the  losses  that  transmitted  signals  suffer  along 
the  cable  in  addition  to  the  attenuation  losses.  For  a  system  of  a 
uniform  twisted  pair  cable  connected  between  a  matched  source 
and  a  matched  load,  the  amount  of  the  reflected  signal  represents 
the  return  loss  of  the  system.  However,  if  the  cable  is  not  uniform, 
or  suffers  from  irregularity  for  any  reason,  then  the  amount  of 
reflected  signal  represents  the  structural  return  loss. 

Generally,  both  return  loss  and  structural  return  loss  of  a  simple 
channel  are  calculated  using  equations  that  rely  on  characteristic 


impedance  and  the  impedance  of  the  termination  only  [1].  The 
aim  of  this  paper  is  to  develop  a  general  formula  to  be  used  for  the 
calculation  of  both  return  loss  (RL)  and  structural  return  loss 
(SRL)  of  simple  channels  and  multi-stage  cascaded  channels.  The 
formula  developed  in  this  paper  takes  into  account  the  effects  of 
the  termination  of  the  transmission  channel,  the  effects  of  source 
output  impedance  and  the  effects  of  impedance  mismatching 
between  the  cascaded  stages.  It  also  relates  length  and  the  periodic 
and  random  structural  variation  of  cables  to  the  return  loss 
calculation  [2] .  The  equation  also  relates  the  structural  return  loss 
of  the  cable  to  the  attenuation  deviation  of  the  cable  or 
transmission  channel  [3]  by  including  the  propagation  constant  of 
all  channel  components  in  the  equation.  The  next  section 
describes  the  development  procedure  of  the  equation. 

2.  Equation  Development 

To  understand  the  development  of  the  return  loss  equation  of  a 
cascaded  channel,  the  development  of  a  simple  transmission 
channel  return  loss  equation  is  described  in  the  following 
subsection. 

2.1  Simple  Channel  Equation 

Using  2 -port  network  principles,  a  mathematical  equation  for  the 
calculations  of  the  return  loss  of  a  twisted  pair  cable  as  a  function 
of  cable  propagation  constant,  y,  the  characteristic  impedance  of 
the  cable,  Z0,  source  output  impedance,  Zs ,  and  load  impedance, 
ZL ,  is  developed.  Return  loss  can  be  calculated  as: 

RL  =  -20log{S]j)  (1) 

A  single  pair  cable  of  length  /  and  characteristic  impedance  Z0 
connected  between  a  source  of  output  impedance  Zs  and  a  load 
termination  of  impedance  ZL  can  be  illustrated  as  in  figure  1 . 


Figure  1  Two  ports  network  representation  of  a 
simple  channel 
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The  transmitted  voltage  to  the  far  end  of  the  cable  does  not 
represent  the  whole  signal  injected  from  the  source  to  the  near 
end.  Part  of  the  injected  voltage  will  dissipate  as  a  result  of 
attenuation  and  return  losses.  Phase  changes  will  also  be 
experienced  due  to  the  phase  constant  of  the  transmission  line. 
Hence,  for  accurate  calculations,  the  incident  parts  of  the  voltages 
into  any  end  of  the  cable  should  be  calculated  taking  into  account 
the  complex  propagation  constant.  For  the  cable  represented  in 
figure  1: 

V\=vr (2) 


,  ,Z~Z ,  2  Z 

yr  =vl-° - !L  + - - 

f  tntnl  r  _  _  _ 


z,  -z„ 


i  zJL  +  —  zlA  ■  1  °  •  .yT 


Za  +zs  zs+  z0 


zL+z0 


Using  equation  6,  this  equation  can  be  simplified  and  rewritten  as: 
yr  =  y*  r. ~  .  z L  ~  . 


Z0  +ZS  ZS  +  Zo  ZL  +  Zo 

2_Iq  ,e-2rih 

zS+Zo 


where  /,  is  the  length  of  the  cable  segment  and  yt  is  the 
propagation  constant  of  the  same  cable  which  is  given  as: 


The  Sn  parameter  can  then  be  obtained  as: 


Yl  =  t][r  +  jco  Ly\p  +  jco  C )  (3) 

where  R,  L,  G  and  C  are  the  primary  parameters  of  the  cable  and 
o)  is  the  angular  frequency.  Using  the  same  principle,  we  also 
have: 


-Viotal  JZq-Zs  2_IS  ZL  ~  zo 
V'  zo  +ZS  ZS+  Zo  ZL  +  Zo 


.  2_Zq  .e-2yih 

ZS  +Zo 


v'2  =  Vf  -e~Ylll  (4) 

Using  reflection  and  transmission  coefficients  at  the  connections 
between  the  cable  and  both  the  source  and  the  load  of  figure  1 ,  it 
can  be  seen  that: 


V  =  V 


i 


Assuming  that 


Zo 

z0  +  zs 


ZS+Zo 


VT  =  v‘  2'z° 
Zo  +ZS 


ZS  +  Zo 


,-r  =  i/'  Kl _ Zo 


v\  =v 


zL+Zo 


Zl  Zq 

ZL  +zo 


vj  =  v\  2  Zl 

1  lzL+Z0 


yr  =  yl2  Zs  Zo 

2zs+z0 


Equation  13  can  then  be  simplified -to: 


vj  =  vi  2  Zs  (10) 

The  overall  reflected  voltage  at  the  source  end  of  the  cable,  can 
then  be  calculated  as: 

Jz-r  -  r/r  a.  i/T  -  i/i  Z0  ~  \  2  Z$  ^ 


Vntn,  =  Vr+Vj  =v 


Z0  +  ZS  "  Z.S  +  Zo 


Using  equations  2,  4  and  8  the  above  equation,  11  can  then  be 
written  as: 


Sjj  =  mj  +  m2  -  my  1714  ‘  nij  (19) 

Substituting  the  last  equation  in  equation  1 ,  the  return  loss  RL,  can 
then  be  obtained  as: 

RL  =  -20\og(mj  +  m2  *  m$  •  1714  •  my)  (20) 

Since  m5  is  a  function  of  the  propagation  constant  (i.e.  attenuation 
and  phase)  and  both  the  propagation  constant  and  the 
characteristic  impedance  are  functions  of  the  frequency  and  the 
cable  dimensions,  therefore  the  return  loss  is  a  function  of  the 
frequency  and  the  cable  dimensions.  Due  to  the  fact  that  the 
propagation  constant  is  also  a  function  of  the  cable  length  and  the 
lay  length,  the  return  loss  will  also  be  a  function  of  them.  Any 
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changes  in  the  values  of  the  source  impedance  or  the  termination, 
the  return  loss  will  be  changed. 

Having  introduced  the  concept  on  which  further  analysis  is  based, 
a  more  complicated  transmission  channel  is  discussed  in  the 
following  subsection. 

2.2  A  General  Cascaded  Channel  Equation 

Following  is  the  development  of  more  general  transmission 
channel,  where  there  are  several  cables  and  connectors  cascaded 
between  a  source  and  a  load.  The  characteristic  impedance  of  the 
source  end  connector  is  Zo},  its  propagation  constant  is  y}  and  its 
length  is  lj  while  the  characteristic  impedance  of  the  load  end 
connector  is  Zo3,  its  propagation  constant  is  y3  and  its  length  is  l3. 
The  overall  transmission  channel  is  illustrated  as  in  figure  2. 

From  the  above  circuit,  the  total  incident  voltage  from  the  source 
and  the  total  reflected  voltage  from  the  transmission  channel  are 
given  respectively  as: 

aroVl  (21) 


bj=0vL+0vL 


m13  =\e~2^lll+r2l2+r^1^ 


S}]  of  the  circuit  can  be  obtained  as: 


Following  the  procedure  described  in  the  previous  sub-section,  Sn 
of  the  circuit  illustrated  in  figure  2  and  given  in  the  above 
equation  can  now  be  obtained  as: 

Sjj  =  mj  +  n%2  ■  m3  -  +  m2  ’  '  m$  *  my  • 

m§ -mg  +  m2  '  M3 -my -mio  - mjj -mjy  •  mj3 

where  the  parameters  m}  to  m}3  are  given  as: 


zol  ~ZS 
zol  +ZS 


'  2'ZS 
ZS  +Zol 


By  induction,  Sj]  of  equation  24  can  now  be  rewritten  in  the 
following  general  form,  25,  which  is  substituted  in  equation  1  to 
give  the  return  loss  of  a  multi-cascaded  transmission  channel  as  in 
equation  26.  In  equation  26,  Zs  is  source  impedance,  Zn+1  is  the 
load  impedance  and  n  is  the  number  of  the  cascaded  elements  of 
the  transmission  channel,  where  the  source  connection  is  given 
number  0.  For  the  channel  shown  in  figure  2,  we  have  n  ~  3. 
Using  equation  26,  the  return  loss  of  the  cascaded  transmission 
channel  of  figure  2  can  be  obtained.  If  the  stages  between  the 
source  and  the  load  represent  a  transmission  channel  with 
irregularity  and  its  impedance  is  variable  along  the  length  of  the 
cable,  then  the  above  equation  can  be  used  for  the  calculation  of 
the  structural  return  loss  generated  by  the  structure  effects.  In  this 
case,  each  of  the  segments  represents  different  impedance.  The 
advantage  of  the  developed  equation  that  it  can  handle  a  more 
practical  transmission  channel. 


Figure  2  A  source-connector-cable-connector-load  transmission  channel. 
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3.  TLM  Model 

Another  tool  for  computing  the  return  loss  and  the  structural 
return  loss  is  the  application  of  Transmission  Line  Matrix 
(TLM)  modelling  method  of  a  single  twisted  pair  cable  [4].  The 
model  allows  the  computation  of  the  secondary  parameters  of 
cables  under  different  conditions  of  operation.  The  computation 
of  the  return  loss  of  a  twisted  pair  cable  using  the  TLM  model  is 
obtained  from  the  knowledge  of  both  incident  and  reflected 
voltages  at  both  near  and  far  ends  [5].  Since  the  TLM  model 
represents  a  time  domain  approach,  the  frequency  domain 
response  of  the  cable  can  be  obtained  by  Fourier 
Transformation.  Secondary  parameters  of  the  cable  can  then  be 
obtained. 


Return  Loss  can  then  be  obtained  as: 


RL  =  20  lod 


v£n 

viN 


(27) 


where  Z{  is  the  input  impedance  of  the  transmission  channel 
looking  from  the  source  end  and  is  given  as: 


r  Zi  cosh(y  /)  +  Z0  sinh(y  /) " 
Z0  cosh(y  /)  +  Zi  sinh(y  /) 


(29) 


y  is  the  propagation  constant  of  the  cable  and  /  is  the  length  of 
the  cable.  For  a  matching  condition  where  the  source  and  the 
load  impedance  have  the  same  value  as  the  characteristic 
impedance  of  the  cable,  return  loss  results  are  plotted  as  in 
figure  3.  It  should  be  mentioned  here  that  Zs  and  ZL  represent 
amplitudes  only  while  Z0  represents  a  complex  quantity 
(amplitude  and  phase). 

Figure  3  shows  an  excellent  agreement  between  both  sets  of 
results.  The  advantage  of  using  the  new  equation  is  reported  in 
the  discussion  section.  Further,  the  equation  and  the  TLM 
approach  are  used  for  the  calculation  of  RL  as  is  presented  in  the 
following  section. 


where  VLr )  is  the  reflected  voltage  from  the  near  end  of  the 
transmission  channel  and  VLr j  is  the  incident  voltage  into  the 
near  end  of  the  channel.  The  validation  of  equation  26  is 
presented  in  the  next  section. 

4.  Equation  Validation 

Equation,  26,  is  used  for  the  calculation  of  the  return  loss  of  a 
simple  channel  comprising  a  source  of  impedance  Zs,  a  1  m 
length  of  Category  5  cable  of  impedance  Z0  and  a  load  of 
impedance  ZL.  The  dimensions  of  the  cable  are: 

D  -  0.94  mm,  r  =  0.265  mm ,  11  =  20  mm. 

Where  D  is  the  distance  between  the  centres  of  the  conductors,  r 
is  the  radius  of  each  conductor  and  ll  is  the  lay  length  of  the 
cable. 

The  new  equation  is  validated  against  a  standard  equation 
obtained  from  reference  [6]. 


RL  =  -201og 


Zi  Zs 
s  Zi  +  Zs 


Figure  3  Return  loss  of  a  simple  channel 
(28)  calculated  using  equation  28  ( 'o'  samples)  and 

the  new  equation,  26,  (solid  line)  up  to  600  MHz. 
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The  same  system,  when  modelled  using  TLM,  gives  the  results 
of  figure  4.  It  is  clear  that  there  is  a  high  level  of  correlation 
between  figures  3  and  4,  further  verifying  the  behaviour  of 
equation  26  and  the  accuracy  of  TLM. 


Figure  4  Return  loss  of  a  simple  channel  calculated 
using  the  TLM  approach  (equation  27). 

5.  Implementation  and  Results 

The  proposed  analytical  equation  26  was  validated  in  the 
previous  section.  This  section  applies  this  equation  for  the 
calculation  of  the  return  loss  of  cascaded  channels.  Two 
configurations  of  channels  are  investigated  as  follows: 

1 .  A  transmission  channel  of  three  segments  compromising  a 
near-end  connector,  single  pair  cable  and  a  far-end 
connector  connected  between  a  source  and  a  load.  The 
dimensions  of  the  cable  were  as  those  mentioned  earlier. 
Both  connectors  are  assumed  ideal  by  being  considered  so 
that  they  are  circular  and  have  the  r  and  D  as  those  of  the 
cable.  The  length  of  the  cable  was  1  m  and  the  length  of 
each  connector  was  1cm.  Results  were  obtained  for  a 
matching  condition  where  both  source  and  load  impedance 
values  equal  the  nominal  characteristic  impedance  of  the 
cable.  As  the  connectors  had  the  same  dimensions  as  the 
cable,  the  characteristic  impedance  of  both  connectors 
matches  that  of  the  cable,  as  does  the  propagation  constant. 
The  return  loss  is  calculated  and  plotted  in  the  figure  5.  The 
figure  also  includes  the  return  loss  calculated  for  the  same 
channel  where  the  load  end  was  terminated  with  a 
resistance  of  85i2.  It  also  includes  results  obtained  for  a 
mis-matching  condition  where  the  load  end  is  terminated 
with  a  resistance  of  U5Q.  Results  obtained  here  illustrate 
that  both  cases  of  mis-matching  between  the  transmission 
channel  and  the  load  would  obviously  lead  to  the  increase 
in  the  return  loss  of  the  channel. 

2.  A  more  complicated  channel  consisting  of  7  segments 
connected  between  the  source  and  the  load  comprises  a 
near  end  short  link,  a  far  end  short  link  and  a  long  twisted 
pair  cable  connected  between  the,  each  segment  is  joined 
by  a  connector,  the  length  of  each  connector  is  1cm.  The 


length  of  each  cable  of  the  two  links  is  lm  and  the  length  of 
the  long  cable  is  10m.  Such  a  channel  is  practically  used  for 
communication  between  computers  in  a  computer  network. 
Again,  the  connectors  are  assumed  circular  with  the  same 
cross-sectional  dimensions  of  all  cables.  Using  the 
analytical  equation  26,  the  return  loss  of  such  a  channel 
where  n=7  is  calculated  for  different  termination.  Figure  6 
illustrates  results  of  matching  conditions  and  those  obtained 
for  a  mis-matching  condition  when  the  channel  is 
terminated  with  a  load  of  $5  £2.  For  a  termination  of  15  .£2, 
results  are  plotted  as  in  figure  7. 


Figure  5.  Return  loss  of  a  3-segment  channel. 
ZL=Z0  (solid  line),  ZL=85Q  (o  samples)  and 
ZL= 1 1 5 Q  (+  samples). 


Figure  6.  Return  loss  of  a  7-segment  channel 
where  a  10m  cable  is  used.  Lower  plot  (ZL=Z0), 
and  Upper  plot  (ZL= 85X2). 
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Comparing  figures  5  and  6  illustrates  that  increasing  the  length 
of  the  cable  leads  to  the  reduction  of  the  phase  effect  on  the 
overall  value  of  the  return  loss.  It  also  shows  that  variations  in 
the  return  loss  value  are  less  at  higher  frequencies  than  those  at 
lower  frequencies.  In  order  to  validate  this  point,  a  longer 
channel  was  investigated. 


Figure  7.  Return  loss  of  a  7-segment  channel 
where  a  10m  cable  is  used  and  ZL= 1 1 5X2- 

3.  A  similar  channel  to  that  investigated  in  2  is  investigated 
here  where  a  1 00m  cable  is  used.  Again  the  return  loss  was 
calculated  using  the  equation  26,  For  matching  condition, 
for  a  termination  of  85  and  for  a  termination  of  1 15,  results 
are  plotted  as  in  figure  8,  9  and  10  respectively. 


Figure  8.  Return  loss  of  a  7-segment  channel 
where  a  100m  cable  is  used  where  ZL=ZQ. 


Figure  9.  Return  loss  of  a  7-segment  channel 
where  a  100m  cable  is  used  where  ZL=85I2. 


Figure  10.  Return  loss  of  a  7-segment  channel 
where  a  100m  cable  is  used  where  ZL=115i2. 


Figure  8,  9  and  10  illustrate  that  for  long  channels,  load 
termination  within  the  impedance  limits  would  not  affect  return 
loss  values  at  high  frequencies.  All  sets  of  results  demonstrate 
the  advantage  of  using  such  equation  in  the  calculation  of  the 
return  loss  of  any  communication  channel 
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6.  Discussion  and  Conclusion 

A  simple  and  flexible  equation  has  been  developed  for  the 
calculation  of  the  return  loss  of  communication  channels  and 
compared  against  existing  equations  for  simple  channels. 
Another  approach  for  the  calculation  of  the  return  loss  of  a 
cascaded  channel  was  presented  using  the  TLM  method.  It  was 
also  used  for  the  calculation  of  the  return  loss  of  the  same 
channel  investigated  using  the  developed  analytical  equation. 
Results  obtained  using  both  approaches  show  excellent 
agreement.  The  analytical  equation  was  then  used  for  the 
calculation  of  different  communication  channels  containing  a 
number  of  connector  and  cable  elements.  Return  loss  for  all 
channels  and  under  different  conditions  of  termination  was 
presented.  Again  studying  all  sets  of  results  leads  to  the 
conclusion  that  many  factors  such  as  channel  length,  mis¬ 
matching  and  may  be  impedance  discontinuity  play  a  big  role  in 
controlling  the  return  loss  vale  of  the  channel. 

The  disadvantages  of  equation  28  is  that,  for  a  cascaded  channel 
where  n  cables  and  connectors  are  present,  equation  28  should 
be  used  n  times  to  obtain  the  input  impedance  of  the  channel. 
The  1st  time  is  to  calculate  the  input  impedance  of  the  last  stage 
of  the  channel,  containing  the  load  and  the  last  segment  (which 
could  be  the  far  end  connector)  of  the  channel.  The  resulting 
impedance  can  then  used  as  load  for  the  rest  of  the  channel, 
where  equation  28  should  be  used  again  to  compute  the  input 
impedance  of  this  load  and  the  next  stage  of  the  channel,  etc. 
The  last  value  of  the  input  impedance  can  be  used  in  equation  27 
for  the  calculation  of  the  return  loss  of  such  a  channel. 

Using  equation  26,  any  number  of  cascaded  elements  in  the 
communication  channel  can  be  accounted  for. 

Similarly,  the  TLM  approach  discussed  here  also  provides  a 
second  tool  for  the  calculation  of  the  return  loss  of  both  simple 
and  more  complicated  channels. 

It  is  proposed  that  the  equation  presented  in  this  paper  will  have 
application  in  the  prediction  of  performance  of  cascaded 
communication  links. 

As  the  equation  was  developed  using  a  two-port  network 
principles  and  it  relies  on  impedance  values,  propagation 
constant  and  physical  length  of  each  component  of  the 
transmission  channel,  it  can  also  be  used  for  the  calculation  of 
the  return  loss  of  a  shielded  twisted  pair  channels. 
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Abstract 

When  designing  outside  aerial  plant,  it  is  important  to  calculate  the  wind 
pressure  load  so  that  the  appropriate  telecommunication  pole  or  messenger 
wire  can  be  selected.  The  wind  pressure  load  is  calculated  by  simply 
adding  together  the  diameters  of  each  cable  and  using  the  existing  method. 
When  several  optical  fiber  cables  are  bundled  with  a  spiral  hanger,  it  is 
unclear  how  they  will  behave  under  windy  conditions  as  a  result  of 
bundling  and  not  fixed  in  the  hanger.  This  means  it  impossible  to  calculate 
the  appropriate  wind  pressure  load. 

To  resolve  these  problems,  we  observed  the  behavior  of  the  spiral  hanger 
and  bundled  cables  in  a  wind  tunnel  experiment,  and  undertook  an 
investigation  to  determine  whether  the  theoretical  value  calculated  by  our 
proposed  wind  pressure  load  method  was  correct  by  comparison  with 
experimental  values. 

Keywords 

Cable  bundling,  Spiral  hanger,  Wind  pressure  load.  Summation  of  diameter, 
Cross-section  for  wind  pressure  load. 


outside  plant.  In  this  paper,  we  describe  a  method  for  calculating  the  wind 
pressure  load  for  aerial  cables  bundled  in  a  spiral  hanger. 

2.  Cable  bundling 

With  the  existing  cable  installation  method  only  one  cable  is  installed  and 
it  corresponds  to  one  supporting  object  (messenger  wire).  With  the  cable 
installation  method  using  the  spiral  hanger  (as  shown  in  cross-section  in 
Fig.l)  several  cables  are  installed  in  the  hanger  space  and  correspond  to 
only  one  supporting  object. 

Spiral  hanger  c  ^  Hanger  space 


Bundled  cables 

Side  view  Cross-section  view 

Figure  1 .  A  bundle  of  aerial  cables 


1.  Introduction 

The  increase  in  the  provision  of  optical  access  services  has  led  to  the 
installation  of  aerial  optical  fiber  cable.  The  number  of  cables  that  can  be 
fixed  on  a  telecommunication  pole  is  limited  because  NTT  and  another 
company  use  poles  in  common.  This  also  means  that  aerial  facilities  can  be 
something  of  an  eyesore.  So  a  method  is  needed  by  which  several  cables 
can  be  bundled  thus  resolving  the  above  problems.  A  spiral  hanger  is  one 
possible  solution.  The  use  of  cable  bundling  has  some  merits.  One  is  that  an 
additional  new  optical  cable  can  be  easily  installed,  and  the  other  is  that 
existing  bundled  cable  can  be  simply  removed.  When  cable  is  bundled, 
however,  it  is  impossible  to  calculate  the  appropriate  wind  pressure  load 
under  windy  conditions  because  several  cables  are  installed  within  the 
space  enclosed  by  the  spiral  hanger.  (Henceforth  we  refer  to  this  as  ‘"hanger 
space”).  This  means  we  need  an  appropriate  method  for  calculating  the 
wind  pressure  load  for  bundled  cables  so  that  we  can  design  efficient 


This  makes  it  possible  to  add  more  aerial  cables  efficiently  and  speedily. 
With  bundled  cable  installation,  it  is  unclear  how  cables  will  behave  under 
windy  conditions  because  several  cables  are  unfixed  in  the  hanger  space. 
So  we  have  to  confirm  the  cables’  behavior,  and  develop  a  method  for 
calculating  the  wind  pressure  load  so  that  we  can  obtain  an  accurate  value 
for  bundled  cables. 


3.  Wind  pressure  load 

The  load  acting  on  aerial  cables  is  shown  in  Fig.2. 


Aerial  cable 


Cross-section 
for  the  wind 
pressure  load 


Vertical  load 


Horizontal  load 


(Wind  pressure  load) 


Load  acting  on  aerial  cable 


1  Ginza-Build  4-26,  Matsubara,  Kagoshima,  892-0833,  Japan 


Figure  2.  Load  acting  on  aerial  cable 
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The  wind  pressure  load  is  equal  to  the  horizontal  component  of  the  load 
acting  on  the  cables.  The  value  depends  on  the  wind  speed  and  the  aerial 
cables’  cross-section.  In  outside  aerial  plant,  two  types  of  wind  pressure 
load  are  applied  corresponding  to  each  area.  They  are; 

[Type  A]  Wind  pressure  load  per  unit  area:  100  [kgf/m2] 

(Equal  to  wind  speed  of  40  [m/s]) 

[Type  B]  Wind  pressure  load  per  unit  area:  50  [kgfrm2] 

(Equal  to  wind  speed  of  28  [m/s]) 

Wind  pressure  load  is  calculated  by  timing  it  and  from  the  cross-section 
of  the  aerial  cables.  The  cross-section  of  each  cable  is  different,  and  the 
cross-section  of  bundled  cables  is  particularly  unclear.  This  makes  it 
neeessaiy  to  determine  the  behavior  of  each  cable  at  different  wind  speeds 
by  wind  tunnel  experiments. 


4.  Experiment  and  analysis  method 

4.1  Experiment  systems 

As  shown  Fig.3,  we  constructed  a  simulated  outside  plant  in  a  wind 
tunnel,  and  measured  the  tension  that  acts  on  a  supporting  object  under 
wind  speeds  of  0  to  50  [m/s].  We  also  recorded  the  behavior  of  aerial  cables 


using  a  video  camera. 


10.0  m 


r^i 

p  i 

"ixed  terminal 

Cables 

^  Wuid  Speed 

0^50  [m/s] 

Load  cell 
/ - — 

4.0m 

Fixed  terminal 

b _ 

r 

Video  camera 


Recorder 

Video  camera 

:igure  3.  Experimental  systems  in  wind  tunnel 


4.2  Analysis  method 

We  converted  the  measured  tension  to  wind  pressure  load  by  using 
following  equation 


W} :  Initial  Load  [kg/m] 

T]:  Initial  Tension  [kN/m] 

6  } :  Initial  Temperature  [°C] 


W:  Load  of  Windy  condition  Load  [kg/m] 

T:  Tension  of  Windy  condition  Tension  [kN/m] 

6  :  Temperature  of  windy  condition  [°C] 

S:  Span  length  between  poles  [m] 

A:  Cross-section  area  of  supporting  object  [m2] 

E:  Young  rate  [kN/  m2] 

We  then  compared  it  with  the  theoretical  equation  (2) 

p~l/2pcv2d  (2) 

p :  pressure  load  per  meter  [kgf/m2] 
p  :  density  of  air  [kg  •  s2/m4] 
c :  constant  for  object  shape  (c-=l) 
v :  wind  speed  [m/s] 

d :  cross-section  for  wind  pressure  load  [m] 

5.  Experimental  result  and  discussion 

5.1  Relation  between  cross-section  and  wind  pressure 

We  converted  the  experimental  tension  data  to  wind  pressure  load  by 
using  equations  (1)  and  (2),  and  plotted  it  in  Fig.4. 


Figure  4.  Change  in  cross-section  by  wind  speed 

The  following  are  obtained  from  figure  4. 

i  )In  range  A(0  [m/s]  <  wind  speed  <  10  [m/s]) 

Cross-section  is  small;  therefore  wind  pressure  load  is  also  small.  Then 
cables  remain  at  the  bottom  of  the  hanger  space,  (Video  evidence). 

ii  )  In  range  B(10  [m/s]  <  wind  speed  <  30  [m/s]) 

The  higher  wind  speed  is,  the  higher  wind  pressure  load  becomes.  Then 
cables  begin  to  be  pushed  toward  the  hanger  wire  and  stacked  vertically 
along  it.  Therefore  cross-section  increase  and  pressure  load  become  higher, 
iii)  In  range  C(wind  speed  >  30  [m/s]) 

The  cables  are  almost  completely  vertically  stacked  along  the  hanger 
wore  as  a  result  of  the  wind  pressure  load,  which  becomes  higher  than  the 
summation  of  the  cables’  diameters.  From  this  point  on,  the  cross-section 
reaches  an  almost  constant  value. 
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Wind 

Speed 

(A) 

0M0  [m/s] 

(B) 

10~30  [m/s] 

(C) 

30~  [m/s] 

Behavior 

Wind  direction 

Wind  direction 

Wind  direction 

Table  1.  Effect  of  wind  speed  on  cables 


The  behavior  of  the  cables  in  range  C  is  important  because  the  wind 
pressure  load  for  Type  A  (40  [m/s]  wind  speed)  or  Type  B  (28  [m/s]  wind 
speed  )  is  calculated  when  aerial  outside  plant  is  designed  as  described 
above.  Table  1  shows  that  light  optical  cables  are  stacked  vertically  along 
the  hanger  wire  in  the  hanger  space. 

The  cross-section  converted  from  the  experimental  value  is  greater  than 
the  summation  of  the  aerial  cables’  diameters,  so  we  must  consider  the 
cross-section  of  the  hanger  as  regards  wind  pressure  load. 

5.2  Cross-section  considering  hanger  of  spiral  shape 

The  cross-section  for  the  wind  pressure  load  of  the  hanger  is  assumed  to 
be  the  thickness  of  the  hanger  wire,  and  we  investigated  thus  as  follows 
using  three  samples  in  a  wind  tunnel  experiment, 
i  )Sample  1. 

Here  the  sample  consisted  of  a  messenger  wire  and  a  spiral  hanger. 


Figure  5.  Cross-section  for  wind  pressure  load 
(Samplel) 

As  shown  Fig.5,  the  cross-section  for  the  wind  pressure  load  is  regarded  as 
being 

©only  the  diameter  of  messenger  wire 
©a  summation  of  the  thickness  of  hanger  and  ® 

ii )  Sample  2. 

Here  optical  aerial  cables  are  installed  into  a  hanger  space  and  the  diameter 
summation  of  the  cables  is  smaller  than  the  inside  diameter  of  the  hanger. 
As  shown  in  Fig.  6,  the  cross-section  for  wind  pressure  load  is  regarded  as 
being 

(D:  diameter  of  messenger  wire  and  cables 

(2):  a  summation  of  the  thickness  of  hanger  and  ® 


Messenger  wire 
Hanger  thickness 
Bundled  cables 

Hanger  thickness 


Figure  6.  Cross-section  for  wind  pressure  load 
(Sample2) 


iii)Sample  3. 

In  this  case  the  optical  aerial  cables  are  installed  in  the  hanger  space  and 
summation  of  cable  diameters  is  larger  than  the  inside  diameter  of  the 
hanger. 


Messenger  wire 
Hanger  thickness 

Bundled  cables 


Hanger  thickness 


Figure  7.  Cross-section  for  wind  pressure  load 
(Sample3) 

As  shown  in  Fig.  7,  the  cross-section  for  wind  pressure  load  is  regarded  as 
being 

©the  outside  diameter  of  the  hanger 
©the  inside  diameter  of  the  hanger 


The  wind  pressure  load  is  calculated  using  equation  (2)  based  on  above 
assumed  cross-section  for  wind  pressure  load.  We  obtained  the  following 
three  graphs  as  shown  Fig.  8  to  10. 


Wind  Speed  [m/s]  50 


Figure  8.  Wind  pressure  load 
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o  Wind  Speed  [m/s]  50 


Figure  9.  Wind  pressure  load 


Wind  Speed  [m/s]  50 


Figure  10.  Wind  pressure  load 

According  to  Fig.  8  to  10,  the  value  obtained  in  experiment  (3)  is  higher 
than  that  of  obtained  when  the  messenger  wire  diameter  is  considered  the 
cross-section  for  the  wind  pressure  load  ®.  Moreover,  the  value  obtained  in 
experiment  (3)  is  smaller  than  that  obtained  when  we  consider  the  diameter 
summation  of  the  hanger  thickness  to  be  the  cross-section  for  the  wind 
pressure  load  Therefore,  in  terms  of  the  easy  design  of  safe  aerial  outside 
plant,  it  is  necessary  to  calculate  the  wind  pressure  load  on  the  basis  of  the 
thickness  of  the  hanger  wore  being  added  to  the  messenger  wire  diameter. 

According  to  figure  8  to  10,  The  value  of  experiment  (3)  is  higher  than 
that  of  messenger  wire  diameter  treated  as  cross-section  for  wind  pressure 
load  ®.  And,  foe  value  of  experiment  (3)  is  smaller  than  that  of  considering 
diameter  summation  of  hanger  thickness  as  cross-section  for  wind  pressure 
load .  Therefore  at  foe  point  of  easy  and  safe  design  of  aerial  outside  plant,  it  is 
necessary  to  calculate  wind  pressure  load  which  thickness  of  hanger  wire  is 
added  to  messenger  wire  diameter. 

6.  Conclusion 

We  undertook  an  experiment  in  a  wind  tunnel  to  confirm  foe  behavior  of 
optical  cables  under  windy  conditions  and  to  calculate  foe  appropriate  wind 
pressure  load. 


We  proved  that  foe  cables  stay  at  foe  bottom  of  foe  hanger  space  at  low 
wind  speed  but  that  they  stack  vertically  in  foe  hanger  space  as  foe  wind 
speed  increases.  This  shows  that  foe  wind  pressure  load  increases  as  foe 
cross-section  increases. 

With  a  bundle  of  cables,  and  taking  foe  cables’  behavior  in  foe  hanger 
space  into  consideration,  we  can  decide  the  cross-section  for  foe  wind 
pressure  load  by  appropriately  following  foe  flow  shown  in  Fig.  1 1 . 


Figure  1 1 .  Flow  of  cross-section  conduction 
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Abstract 

Alcoa  Fujikura  Ltd.  has  worked  with  customers  to  deploy  well 
over  10,000  km  of  ADSS  cables  with  “tracking-resistant”  outer 
sheaths  in  EHV  environments,  on  transmission  systems  with  line 
voltages  of  1 1 5  kV  and  higher.  There  have  been  no  failures  due 
to  damage  to  the  outer  jacket  caused  by  dry  band  arcing  on  this 
type  of  outer  jacket.  This  paper  will  discuss  the  various  modes  of 
failure  in  ADSS  fiber  optic  cables  deployed  in  high  voltage  power 
lines,  and  will  discuss  the  methods  that  Alcoa  Fujikura  Ltd.  has 
used  in  order  to  successfully  deploy  cables  in  these  situations. 
Finally,  the  paper  will  provide  two  case  studies  for  cables 
deployed  in  EHV  environments,  one  of  which  has  been  deployed 
on  a  345  kV  line,  in  a  40+  kV  space  potential,  for  over  10  years. 

Keywords 

ADSS;  EHV;  electrical  stress;  tracking;  tracking-resistant;  corona. 

1.  Introduction 

With  the  introduction  and  acceptance  of  fiber  optics  as  a  preferred 
method  for  communications,  power  utilities  are  deploying  more 
and  more  cables  on  the  transmission  and  distribution  rights  of  way 
(ROW).  Many  studies  have  addressed  the  topics  of  problems  that 
may  be  seen  if  cables  are  improperly  deployed  on  extra  high 
voltage  (EHV)  transmission  line  right  of  way;  however,  not  much 
public  information  is  available  about  successful  deployments  of 
cables  in  these  environments.  There  are  several  reasons  for  this 
discrepancy:  First,  overall,  there  is  very  little  understanding  of 
the  techniques  needed  to  successfully  deploy  ADSS  cables  in 
EHV  environments.  The  phenomena  of  dry  band  arcing,  tracking, 
and  corona,  all  of  which  may  contribute  to  degradation  of  cable 
jackets,  and  subsequent  cable  failure,  are  not  well  understood  by 
fiber  optic  cable  manufacturers.  Many  of  these  manufacturers 
have  little  experience  in  aerial  cables  in  general  and  ADSS  cables 
in  EHV  environments  specifically,  having  provided  the  majority 
of  cables  for  underground  applications.  Only  a  limited  number  of 
companies  have  a  successful  long-term  (>  3  years)  track  record  for 
placing  cables  in  EHV  environments.  Second,  the  materials  used 
to  combat  tracking  and  dry  band  arcing  in  ADSS  cables  in  EHV 
environments  are  often  proprietary  formulations  of  specially 
processed  materials.  Manufacturers  are  not  typically  forthcoming 
with  information  about  these  materials,  leading  to  difficulty  in 
developing  standards  for  materials.  Finally,  to  this  point,  there 
has  been  no  agreement  amongst  industry  participants  regarding 


standards  to  properly  test  materials  and  resulting  material 
performance  in  order  to  ensure  a  40  year  lifetime. 

2.  ADSS  Degradation  Mechanisms 

Two  mechanisms  are  the  cause  for  the  problems  that  have  been 
seen  on  ADSS  cables  in  high  voltage  systems.  They  are  erosion 
due  to  tracking  of  the  outer  jacket,  and  damage  to  the  outer  jacket 
caused  by  corona.  The  two  mechanisms  of  tracking  and  corona 
are  different,  and  must  be  approached  differently  and  separately  in 
order  to  ensure  long-term  reliability  of  the  system.  Both  of  these 
mechanisms  become  problematic  when  they  damage  the  outer 
sheath  of  the  cable  to  the  point  that  the  underlying  aramid  strength 
yams  of  the  cable  are  exposed  to  UV  light  and  the  water  of  the 
surrounding  environment.  Once  this  occurs,  the  aramid  yam  can 
lose  strength,  and  ultimately  the  cable  will  break  into  two  pieces, 
destroying  the  optical  fibers  in  the  process. 

2.1  Tracking 

Tracking  erosion  is  defined  as  the  formation  of  a  conductive  path 
of  localized  deterioration  of  the  surface  of  the  insulating  material. 
The  tracking  process  of  the  cable  jacket  results  when  a  cable  is 
placed  in  an  extra  high  voltage  environment.  The  towers  that  the 
cables  are  placed  upon  are  grounded,  resulting  in  a  strong  voltage 
gradient  very  near  the  structures.  This  voltage  gradient  serves  as 
the  catalyst  for  scintillation  from  the  span  to  the  structure  during 
repeated  wetting  and  drying  of  the  cable’s  jacket.  If  the  cable 
material  cannot  withstand  the  effects  of  this  scintillation, 
degradation  of  the  jacket  will  result,  leading  to  the  tracking 
process  described  above.  Figure  1  illustrates  the  concept  of  the 
space  potential  vs.  span  length. 


Figure  1.  Space  Potential  Vs.  Span  Length 
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As  the  cable’s  jacket  is  subjected  to  repeated  wet  -  dry  cycles,  if  generated.  It  is  well-documented  that  polymers  which  are  exposed 

the  jacket  cannot  resist  the  electrical  stresses  imposed  by  the  to  large  concentrations  of  ozone  will  ultimately  become  more 

scintillation,  tracks  may  form  on  the  cable.  This  process  of  wet  -  brittle.  Since  ADSS  cables  are  required  to  stretch  during  ice  and 

dry  cycles  and  the  onset  of  tracks  is  shown  in  Figure  2.  wind  loads,  brittle  polymers  will  ultimately  split  during  the 


Figure  2.  ADSS  Cable  Tracking  Mechanism 


elongation  that  occurs  during  these  loads,  exposing  the  aramid 
yams.  Therefore,  the  jacket  material  chosen  must  be  able  to 
withstand  the  effects  of  ozone. 

Finally,  carbonization  of  the  sheath  material  could  occur  during 
the  tracking  process.  This  carbonization  produces  a  lower  - 
resistance  preferential  path  for  subsequent  arcs.  Future  arcs  will 
follow  these  lower  resistance  paths,  continually  eroding  and 
melting  the  jacket  of  the  cable  until  it  is  breached.  A  cable  which 
has  experienced  tracking  is  shown  in  Figure  3  below. 


The  second  mechanism  that  occurs  during  the  tracking  process  is 
the  generation  of  heat.  Current  flow  across  the  cable  surface 
results  in  increased  heating  of  the  jacket  material.  If  the  material 
used  for  the  outer  jacket  cannot  withstand  the  level  of  heat 
produced  by  the  tracking  mechanism,  the  polymer  will  flow  and 
yield,  ultimately  causing  the  jacket  to  separate.  This  will  in  turn 
expose  the  aramid  yams.  The  majority  of  ADSS  failures  that  have 
been  described  in  literature  can  be  attributed  to  jackets  extruded 
with  thermoplastic  materials  that  cannot  withstand  the  heat  of  the 
arc,  and  the  subsequent  melting  and  displacement  of  the  material. 

The  third  mechanism  that  occurs  during  the  tracking  process  is  the 
production  of  ozone  as  a  by-product  of  the  electrical  arcs  that  are 


Figure  3.  Tracking  Damage  on  ADSS  jacket 


2.2  Tracking  Mechanisms 

Four  different  mechanisms  are  present  during  the  tracking 
process.  Each  of  these  mechanisms  will  be  discussed  further. 

First,  the  tracking  process  results  in  an  actual  mechanical  etch  of 
the  cable’s  outer  jacket.  This  mechanical  etch  results  in  a 
“chipping”  away  of  the  material,  caused  by  the  power  of  the  arc. 
This  process  has  been  compared  to  the  process  that  occurs  during 
electrical  discharge  machining  (EDM).  EDM  uses  electrical  arcs 
to  remove  metal  during  manufacturing  of  various  metal  and 
carbide  parts.  Clearly,  any  material  considered  for  use  as  a 
“Tracking  Resistant”  type  jacket  must  be  able  to  withstand  the 
energy  in  the  arcs  in  order  to  resist  this  chipping  effect. 
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2.3  Methods  to  prevent  Tracking  -  Related  Damage 

In  order  to  prevent  tracking-related  damage,  each  of  the  four 
mechanisms  listed  in  the  previous  section  must  be  addressed.  A 
fully  integrated  solution  incorporating  both  advanced  materials 
and  advanced  applications  engineering  is  essential.  This  portion 
of  the  paper  will  discuss  the  ways  to  avoid  tracking-related 
damage. 

The  first  mechanism  mentioned  above  is  the  mechanical  etch  of 
the  cable’s  outer  jacket.  Fortunately,  mechanical  etching  only 
occurs  in  cables  which  are  able  to  withstand  the  effects  of  the 
other  mechanisms,  meaning  that  it  is  seen  as  the  dominant 
mechanism  only  at  very  high  space  potentials.  Clear 
understanding  of  the  ROW’S  electrical  characteristics  is  essential 
in  order  to  accurately  map  the  space  potential  at  the  location  of 
the  ADSS.  The  main  way  to  avoid  this  mechanical  etching  is  by 
placing  cables  in  relatively  low  space  potentials  through  effective 
applications  engineering. 

The  second  mechanism  mentioned  is  the  heat  generated  by  the 
arcs.  The  way  to  avoid  damage  by  heat  is  by  having  cable  jackets 
which  are  thermoset  materials  instead  of  thermoplastic. 
Thermoplastic  materials  are  materials  which  have  “glass 
transition”  temperatures  and  which  will  ultimately  soften  in  the 
presence  of  heat.  Thermoset  materials  are  materials  which  will 
not  soften,  but  may  bum  in  the  presence  of  extreme  heat.  .  If  a 
cross-linked  cable  is  used,  the  heat  mechanism  is  neutralized, 
because  the  temperatures  seen  even  in  extremely  high  space 
potentials  are  usually  cool  enough  such  that  a  cross-linked  cable 
will  not  bum.  Cross-linking  of  the  polymers  is  the  method 
which  is  most  commonly  used  to  produce  a  thermoset  material. 
Cross-linking  often  occurs  naturally  in  polymers  over  time,  but 
must  be  performed  in  cable  manufacturing  in  order  to  ensure 
appropriate  properties.  Unfortunately,  the  cross-linking  process 
during  manufacturing  is  slow  and  often  expensive.  As  a  result, 
very  few  cable  manufacturers  offer  cross-linked  products  for 
tracking-resistant  jackets. 

The  third  mechanism  to  address  is  ozone  resistance.  Cable 
manufacturers  often  include  special  compounds  in  the  cables  to 
offset  the  effects  of  ozone. 

The  fourth  mechanism  to  address  is  specific  tracking-resistance. 
Once  again,  cable  manufacturers  often  include  special,  and 
proprietary  compounds,  to  provide  resistance  to  the  tracking 
process. 

To  summarize,  the  compounds  used  by  successful  ADSS  cable 
manufacturers  will  be  cross-linked  polymers  with  special 
additives  to  control  tracking  and  provide  ozone  resistance.  Also, 
in  addition  to  material  requirements,  cables  must  be  located  in  the 
appropriate  environments.  Alcoa  Fujikura,  and  other  cable 
manufacturers,  use  computer  programs  to  specify  the  location 
where  cables  can  be  safely  deployed.  These  computer  programs 


are  used  to  identify  the  space  potential  that  exists  at  the  proposed 
cable  location.  Space  potential  is  a  surrogate  measurement  for  the 
overall  amount  of  energy  in  the  dry  band  arcs  that  are  produced. 
As  one  might  expect,  the  closer  that  a  cable  is  placed  to  a 
conductor,  the  higher  the  space  potential.  Other  factors  which 
influence  the  space  potential  calculation  include  the  type  and 
diameter  of  the  conductors  and  ground  wires,  the  geometric 
configuration  of  all  conductors,  and  the  phasing  of  the 
conductors.  Space  potential  calculation  is  a  relatively  common 
calculation,  and  the  methods  that  are  used  by  Alcoa  Fujikura  Ltd. 
have  been  validated  by  the  calculations  performed  by  numerous 
other  organizations.  Tracking-resistant  cables  from  Alcoa 
Fujikura  are  typically  specified  for  a  maximum  space  potential  of 
25  kV. 

Finally,  in  addition  to  proper  applications  engineering,  cables 
must  be  installed  properly,  with  no  sheath  damage,  in  order  for 
them  to  withstand  the  effects  of  tracking.  If  the  cable’s  jacket  is 
damaged  during  installation,  liquid  water  can  enter  the  cable  and 
eventually  cause  damage  to  the  aramid,  resulting  in  eventual  cable 
failure. 

As  was  stated  in  the  opening  paragraphs  of  this  paper,  Alcoa 
Fujikura  has  well  over  10,000  km  of  cable  with  tracking-resistant 
outer  jackets  deployed  in  EHV  environments,  with  many 
examples  of  cables  on  220,  230,  345,  and  500  kV  lines.  A  full 
customer  list  is  available  from  representatives  of  Alcoa  Fujikura 
Ltd.  As  was  also  stated  earlier  in  the  paper,  there  have  been  zero 
failures  of  AFL’s  ADSS  cables  caused  by  tracking  of  the  outer 
jacket  with  cables  that  have  the  tracking-resistant  outer  jacket. 

2.4  Corona  Mechanism 

Corona  is  defined  as  “the  audible  and  luminous  discharge  of 
metallic  elements  when  electric  field  intensity  exceeds  the 
dielectric  breakdown  strength  of  air.”  Essentially,  corona  occurs 
when  the  electric  field  is  high  enough  to  ionize  the  air.  Corona  is 
well  understood  as  it  applies  to  power  cables,  and  some  of  the 
same  rules  apply.  The  surrogate  measurement  that  is  used  to 
predict  when  corona  will  occur  is  electrical  field  strength, 
typically  measured  in  units  of  kV/cm.  Please  note  that  this 
measure  is  different  than  the  space  potential  unit  of  kV. 


Figure  4.  Corona  Damage  on  ADSS  jacket 
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Corona  damage  is  most  likely  to  occur  at  the  end  of  a  rod  tip  that 
sticks  out  the  farthest  from  the  group  of  the  several  Structural 
Reinforcing  Layer  rods.  The  end  of  the  rod  tip  serves  as  an 
electrical  stress  concentrator,  and  therefore  is  the  place  where 
corona  is  seen.  Corona  damage  is  relatively  easy  to  identify,  as 
corona  activity  strips  off  the  galvanization  from  the  ends  of  the 
armor  rods.  Also,  due  to  the  electrical  activity,  pitting  of  the  cable 
jacket  is  seen  right  at  the  tips  of  the  rods.  Corona  damage  is 
illustrated  in  Figure  4. 

Corona  damage  is  easy  to  prevent  by  using  specially  designed 
corona  protection  devices  for  fiber  optic  cable.  These  devices 
come  in  several  shapes  and  styles,  and  are  effective  at  reducing 
the  electrical  stress  at  the  location,  thereby  eliminating  the  source 
of  corona.  The  devices  are  placed  to  cover  the  tips  of  the  rods, 
and  lessen  the  electric  field  strength,  and  thereby  possibility  for 
corona,  at  the  interface  between  the  cable  and  the  hardware.  A 
picture  of  a  corona  ring  is  shown  in  Figure  5. 

It  is  very  important  to  know  that  corona  is  a  different  mechanism 
than  dry  band  arcing  or  tracking,  and  must  be  addressed  during 
the  network  design  stage  as  a  different  mechanism.  Solutions  to 
prevent  tracking  damage  will  not  work  against  corona,  and 
solutions  to  stop  corona  damage  will  not  prevent  tracking  from 
occurring.  Once  again,  proper  engineering  of  the  network  is 
needed  to  guarantee  success. 


Figure  5.  Corona  Ring  on  ADSS  cable 

3.  AFL’s  High  Voltage  Experience  - 
Examples  of  Success 

As  was  mentioned  previously  in  the  report,  well  over  10,000  km 
of  AFL  ADSS  cable  with  tracking-resistant  outer  jackets  have 
been  installed  in  various  environments  around  the  world.  There 
have  been  zero  reported  cases  of  problems  due  to  tracking  of  the 
outer  jacket  with  these  installations.  Of  the  hundreds  of 
installations,  two  specific  ones  are  discussed  below.  They  are 
interesting  primarily  because  of  the  aggressive  electrical 
environment  in  which  the  cables  are  installed. 


3.1  Case  Study  Number  1 ,  Con  Edison,  New  York 
City 

One  of  the  first  installations  performed  by  Alcoa  Fujikura  with 
tracking-resistant  jacket  technology  was  at  Consolidated  Edison  in 
Staten  Island  in  New  York  City.  The  installation  occurred  in  the 
late  1980s,  and  the  cable  has  now  been  operational  for  over  11 
years.  The  location  of  the  installation  is  shown  in  Figure  6  below. 


Figure  6.  Location  of  ADSS  installation 


The  installation  is  interesting  for  several  reasons:  This  cable  is 
installed  on  a  345  kV,  double  circuit  line.  And,  the  area  is  a  very 
high  pollution  area,  close  to  the  Freshkills  landfill,  the  landfill  for 
New  York  City.  Petroleum  and  concrete  factories  are  also  located 
within  1  km  of  the  route.  As  can  be  seen  from  the  location,  the 
cable  is  also  located  very  near  the  salt  water  environment  of  the 
Atlantic  Ocean.  However,  the  closest  water  to  the  cable  is 
brackish  water,  a  mixture  of  salt  and  fresh  water.  The  installation 
was  a  live  line  installation.  The  reason  for  this  is  because.  Con 
Edison  could  not  have  power  outages  as  they  supply  the  power  for 
New  York  City.  Figure  7  shows  the  installation  site. 


Figure  7.  Installation  site  for  ADSS 
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As  was  mentioned  earlier  in  this  presentation,  the  cable  is  located 
in  a  40+  kV  space  potential.  The  cable  is  an  Alcoa  Fujikura  Ltd. 
tracking-resistant  cable,  originally  manufactured  by  Superior 
Optics  (which  was  eventually  bought  by  Alcoa  Fujikura  Ltd.). 
Corona  rings  were  not  originally  placed  at  all  locations,  but  were 
added  on  the  line  upon  the  recommendation  of  Alcoa  Fujikura 
Ltd.  This  is  the  oldest  installation  of  ADSS  cable  in  EHV 
environments  that  we  know  of,  and  is  also  by  far  the  most 
aggressive.  The  40+  kV  space  potential  number  has  been 
calculated  and  confirmed  by  several  sources.  The  cable  is 
inspected  frequently  by  Con  Edison  and  Alcoa  Fujikura,  and  no 
signs  of  tracking  of  the  outer  jacket  are  present.  Figure  8  shows  a 
site  where  corona  was  seen  and  caused  a  limited  amount  of 
damage  during  the  first  few  months  after  the  cable  was  installed. 
The  corona  was  easily  arrested  by  the  use  of  corona  rings. 
Corona-induced  damage  was  seen  at  other  sites  without  corona 
rings,  but  was  arrested  by  the  use  of  corona  rings.  Since  no  new 
signs  of  damage  or  degradation  have  been  seen,  it  is  expected  that 
this  cable  will  continue  to  perform  well  in  the  future. 


Figure  8.  Corona  Ring  on  ADSS  cable 


3.2  Case  Study  Number  2,  Southeastern  U.S. 

This  cable  is  on  a  500  kV  route  from  Rome,  Georgia  to  the 
outskirts  of  Atlanta,  Georgia,  for  a  total  of  approximately  120  km. 
Part  of  the  line  is  single-circuit,  part  of  the  line  is  double-circuit. 
The  cable  was  installed  in  1995,  with  inspections  occurring  every 
three  years.  A  tracking-resistant  outer  jacket  was  used  in 
combination  with  corona  rings.  The  maximum  space  potential  for 
this  installation  was  25  kV.  The  single-circuit  portion  of  the 
installation  was  installed  with  the  line  energized  using  land-based 
crews.  The  double-circuit  portion  was  installed  with  the  line 
energized  using  a  helicopter-based  crew.  In  this  case,  the  ADSS 
was  installed  under  the  static  wire.  As  expected,  no  degradation 
due  to  either  tracking  or  corona  has  been  seen  on  this  line,  and  it 
is  expected  that  this  cable  will  continue  to  perform  well  in  the 
future.  Figures  9  and  10  show  pictures  of  this  installation. 


Figure  9.  ADSS  installed  below  the  static  wire 


-**,*%?  V"'"  1 


Figure  10.  ADSS  is  in  the  center  of  500  kV  circuit 


4.  Conclusions 

As  has  been  shown  in  this  paper,  it  is  possible  to  successfully  and 
reliably  install  ADSS  cable  in  EHV  environments.  Installations 
have  been  performed  with  fine  results  since  the  late  1980s. 
However,  it  is  very  important  that  proper  materials  and  proper 
engineering  be  performed  in  order  to  ensure  success. 

As  many  of  the  published  papers  have  shown,  if  the  manufacturers 
and  users  of  ADSS  cables  on  high  voltage  lines  do  not  fully 
understand  the  phenomena  associated  with  HV  environments, 
then  problems  may  result.  However,  if  customers  work  with 
knowledgeable  manufacturers  and  take  proper  care  during  the 
engineering  and  installation  of  the  cables,  then  the  installations 
will  be  successful. 
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Abstract 

The  recent  optical  submarine  transmission  system  with  large 
capacity  was  based  on  a  combination,  primarily  consisting  of  non¬ 
zero  dispersion  shifted  fiber  (NZ-DSF)  with  negative  chromatic 
dispersion,  and  dispersion-equalizing  fiber  with  positive  chromatic 
dispersion,  which  cancelled  accumulated  negative  dispersion.  In 
generally,  pure  Si02  core  fiber  had  been  used  as  a  dispersion¬ 
equalizing  fiber,  because  of  with  high  positive  chromatic  dispersion 
and  ultra  low  attenuation.  (0.175dB/km  at  1.55  \i  m)  Since 
manufacturing  pure  Si02  core  fiber  required  using  fluorine  to  reduce 
reflective  index  at  cladding  part,  the  product  cost  was  too  expensive, 
compared  to  manufacturing  conventional  Ge-doped  core/pure  Si02 
clad  fiber.  In  order  to  utilize  the  conventional  fiber  as  dispersion 
equalizing  fiber,  it  was  necessary  to  solve  the  problem  of  optical 
attenuation,  which  had  a  more  than  10%  higher  value  than  pure 
Si02  core  fiber.  However  this  attenuation  problem  was  solved, 
because  of  improving  attenuation  and  growing  attenuation  margin 
due  to  introduced  amplification  system.  And  this  unit,  which 
stranded  Ge-doped  core/pure  Si02  clad  fiber,  confirmed  to  possess 
superior  unit  property,  resistance  property  of  water  pressure,  and 
temperature  cycle  property,  and  few  attenuation  change  in  the 
cabling  process. 

Keywords 

Dispersion  equalize,  Submarine  Cable,  Pure  silica  clad. 

1 .  Introduction 

There  were  several  kinds  of  structures  of  optical  submarine  cable. 
Example  structure  was  shown  in  Figure  1.  After  stranding  optical 
fibers  on  tension  member  and  consolidation  with  UV  curable  resin, 
the  outer  surface  was  covered  with  three  pieces  of  divided  steel  tube, 
some  steel  wires,  and  copper  layer  coating. 

Growing  capacity  of  optical  submarine  cable  in  recent  wavelength 
division  multiplex  technology,  the  optical  fiber  was  using  NZ-DSF 
with  so  negative  chromatic  dispersion  as  to  avoid  non-linearity 
effect.  And  dispersion-equalizing  fiber  was  needed  to  cancel 
accumulated  negative  dispersion  of  NZ-DSF.  General  properties, 
which  were  required  for  dispersion-equalizing  fiber,  were  shown  in 
Table  1 . 


Figure  1.  Structure  of  submarine  cable 


Table  1.  Specification  of  dispersion-equalizing  fiber 
with  positive  dispersion 


Item  *1 

Specification 

Average  attenuation 

£  0.190dB/km 

Average  chromatic  dispersion 

=  18.5ps/(nnrkm) 

PMD  *2 

^  O.lOps/rkm 

Aeff 

£  70p  m2 

Macro-bending  loss  *3 

^  1.0dB/m 

*1  All  property  was  measured  at  1.55 1±  m. 
*2  PMD  was  measured  on  reel. 

*3  Bending  diameter  was  20mm. 


Until  now,  dispersion-equalizing  fiber  with  positive  chromatic 
dispersion  had  been  used  pure  Si02  core  fiber  of  simple  step  index 
profile.  This  fiber  was  known  to  have  properties  of  ultra  low 
attenuation  and  high  chromatic  dispersion.  However,  pure  Si02  core 
fiber  had  a  disadvantage.  Manufacturing  cost  was  high,  as  it 
required  utilizing  expensive  fluorine  gas,  in  order  to  reduce  the 
reflective  index  in  the  cladding  part. 
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The  use  of  1.3  ix  m  general-purpose  SMF,  which  was  made  out  of 
Ge-doped  core/pure  Si02  clad  fibers,  was  theoretically  possible  as 
dispersion  equalizing  fiber  on  the  fiber  profile.  In  order  to  use  it  for 
optical  submarine  cable,  it  had  to  manage  to  be  low  attenuation  and 
low  macro-bending  loss  at  the  same  time.  To  improve  macro¬ 
bending  loss,  it  was  effective  to  heighten  reflective  index  of  core 
part  by  higher  germanium  concentration.  But  higher  germanium 
concentration  might  cause  fiber  attenuation  to  deteriorate. 

This  study  achieved  development  in  Ge-doped  core/pure  Si02  clad 
fibers  met  the  specification  shown  in  Table  1 .  The  optical  fiber  unit 
using  this  fiber  showed  few  attenuation  change  of  cabling  process. 
In  addition,  good  long-term-reliability  performance  of  unit  was  also 
confirmed,  the  resistance  property  of  water  pressure  and  temperature 
cycle  property. 


2.  Improved  properties  of  Ge-doped 
core  /  pure  Si02  clad  fiber 
2.1  Pure  Si02  core  fiber  compared  with 
conventional  Ge-doped  core  /  pure  Si02  clad  fiber 

The  properties  required  for  dispersion  equalizing  fiber  of  a 
submarine  transmission  system  met  the  following  strict  criteria:  ultra 
low  attenuation  (less  than  0.180dB/km),  high  positive  chromatic 
dispersion  (more  than  18ps/(nm  •  km))  and  good  macro-bending 
property  (less  than  ldB/m).  (All  properties  were  measured  at  1.55  /x 
m,  and  bending  diameter  was  <f>  20mm.)  These  properties  were  the 
most  appropriate  for  pure  Si02  core  fiber.  Pure  Si02  core  fiber  could 
achieve  proper  property,  including  ultra  low  attenuation.  However, 
on  the  other  hand,  from  the  distribution  of  reflective  indexes  as 
shown  in  Figure  2,  it  was  necessary  to  add  expensive  fluorine  gas  to 
the  clad,  in  order  to  reduce  reflective  index,  resulting  in  a  great 
disadvantage,  a  several-fold  increase  in  the  manufacturing  cost. 


Core  :  SiO?+Ge02 

Ge  doped  core/ 

Pure  silica  clad  fiber 

Clad  :  pure  Si02 

Core  :  SiCfc+s  lightly  Fluorine 

Pure  silica  core  fiber 

Gad  :  Si02+Fluorine 

+0.4% 

+0.3% 

+0.2% 

+0.1% 

0% 

-0.1% 

-0.2% 

-0.3% 

-0.4% 


Figure  2.  Refractive  index  profile  compared 


When  the  conventional  SMF  applied  to  dispersion-equalizing 
fiber,  two  problems  were  attenuation  (average,  0.191dB/km  at 
1.55  ju  m)  and  macro-bending  loss  (average,  more  than  lOdB/m  at 
1.55  ii  m,  <f>  20mm  bending).  If  higher  core  germanium 
concentration  and  higher  reflective  index  was,  it’s  effective  to 
improve  macro-bending  loss.  However,  higher  core  germanium 
concentration  caused  increasing  attenuation,  it  did  not  result  in 
low  attenuation. 


2.2  Improved  attenuation  of  pure  Si02  clad  fiber 

For  achievement  of  low  attenuation  of  Ge-doped  core/pure  Si02 
clad  fiber,  it  was  necessary  to  reduce  contamination  in  the  glass, 
example  for  OH  absorption.  And  reflective  index  of  core  part  was  so 
higher  as  to  avoid  increase  of  macro-bending  loss.  Since  viscosity  in 
the  glass  changed  with  lower  contamination  in  pre-form  glass, 
furnace  temperature  on  the  fiber-drawing  was  optimized.  The  result 
of  optimized  were  shown  in  Figure  3  using  4  pre-form  drawing.  As 
deviation  from  best  temperature  was  increasing,  it  was  showed 
attenuation  was  higher. 


-40  -30  -20  -10  0  10  20  30  40 

Temparature  change  of  drawing  furnace  (a  T)  °C 


Figure  3.  Relationship  between 
temperature  of  drawing  furnace 


After  optimizing  drawing-furnace,  average  attenuation  was 
0.187dB/km  and  minimum  attenuation  was  0.185dB/km  at  1.55  jx  m. 
It  was  also  clear  from  loss  spectra  that  the  effect  of  removing 
contamination,  near  the  -1.38  jx  m  OH  absorption  peak  was 
observed  to  be  small.  (Refer  to  Figure  4.) 
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wavelength  nm 


Figure  4.  Loss  spectra  of  Ge-doped 
core  /  pure  Si02  clad  fiber 


2.3  Other  properties  of  pure  Si02  clad  fiber 

2.3. 1  Macro-bending  loss 

Since  fibers  for  submarine  cable  were  used  under  high  lateral 
force,  good  macro-bending  loss  was  required.  The  core 
germanium  concentration  was  so  higher  as  to  heighten  reflective 
index,  thus  macro-bending  loss  was  good  value  less  than  O.ldB/m. 
The  value  of  macro-bending  loss,  chromatic  dispersion  value, 
Polarization  Mode  Dispersion  (PMD)  and  effective  Area  (Aeff)  is 
shown  in  Table  2. 


Table  2.  The  table  of  Property  Compared 


Item  *1 

Pure  silica  core  fiber 

Ge-doped  core  fiber 

Average  attenuation 

0.176dB/km 

0. 1 87dB/km 

Average  chromatic 
dispersion 

18.6ps/(nm*  km) 

18.4ps/(nnr  km) 

PMD  *2 

0.06  ps/rkm 

0.04  ps/rkm 

Aeff 

75p  m2 

85  p  m2 

Bending  loss  *3 

0.2dB/km 

0.1dB/km 

*1  All  property  was  measured  at  1 .55  \i  m. 
*2  PMD  was  measured  on  reel. 

*3  Bending  diameter  was  <£  20mm. 


2.3.2  Chromatic  dispersion 

Ge-doped  core/pure  Si02  clad  fiber  included  germanium  with  higher 
concentration,  it  was  possible  to  be  influenced  by  material 
dispersion  of  germanium.  So  it  was  afraid  to  be  smaller  chromatic 
dispersion  value.  But  chromatic  dispersion  value  of  Ge-doped 
core/pure  Si02  clad  fiber  was  18.4  ps/(nm*km),  it  was  similar 
value  of  for  pure  Si02  core  fiber,  18.6ps/(nm*km). 


2.3.3  PMD  (polarization  mode  dispersion) 

The  measurement  with  fiber  on  reel  found  no  difference,  and  good 
values. 

2.3.4  Aeff  (effective  area) 

The  value  was  larger  than  pure  Si02  core  fiber.  It  was  possible  to 
change  profile  to  with  larger  Aeff,  because  the  shape  of  reflective 
index  profile  was  simply  step  shape.  Ge-doped  core/pure  Si02  clad 
fiber  was  made  using  VAD  method,  which  had  the  advantage  of 
good  profile  controllability  over  other  method. 

2.3.5  Fiber  proof  and  splice 

For  submarine  cable,  high  proof  test  was  required  to  be  loading  of 
2%  strain,  for  more  than  1  second,  and  for  the  entire  length.  The 
weibull's  plot  obtained  by  the  dynamic  tensile  strength  test  under 


2.00 

S1 .00 
LL 

§uoo 
00 
00 


£-1 

o 


1“-2. 

CD 

> 


5-3.00 

5 

;-4.00 

-5.00 


1.00 


1 

N=100 

50%  broken  stress 
:  4.73GPa 

| 

1 

I 

X 

X 

X 

X 

10.00 


broken  stress  GPa 


Figure.5  Weibull  plot  of  Ge-doped  core  / 
pure  silica  clad  fiber 

the  condition  of  non-proof,  is  shown  in  Figure  5.  No  problems 
were  observed  regarding  its  strength. 


3.  Unit  Property  of  Pure  Silica  Clad 
Fiber 

3.1  Loss  transition  of  the  assembling  process 

3. 1. 1  Attenuation  of  fiber  splice 

After  2%  fiber  proof  test,  fibers  with  shorter  length  than  unit 
standard  length  were  taken  fiber  splice.  This  process  was  melting 
splice,  re-coating  UV  resin,  and  finally  2.5%  proof  test  for  more 
than  one  second.  The  distribution  of  splice  attenuation  after  this 
high  strength  spice  process  is  shown  in  Figure  6.  It  indicates  good 
splice  attenuation  of  0.04dB/km. 
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Figure  6.  Splice  loss  value  distribution 


Attenuation  value  distribution  before  and  after  the  assembling 
process 

The  process  of  unit  assembling  was  to  consolidate  same  length 
fibers  and  strength  member  by  UV  curable  resin.  These  fibers 
were  stranded  in  a  constant  direction  around  strength  member 
with  less  than  1mm  diameter,  and  consolidated  using  UV  curable 
resin.  If  fibers  had  weak  macro-bending  property,  it  caused  high 
increasing  attenuation  for  fibers  coated  by  hard  UV  curable  resin. 
The  distribution  of  attenuation  before  and  after  the  assembling 
process  was  shown  in  Figure  7.  Using  fibers  with  good  macro¬ 
bending  properties,  best  loss  values  were  less  than  0.19dB/km 
after  assembling,  creating  no  problems. 


attenuation  dB/km 
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Figure  7.  Attenuation  value  distribution 
before  and  after  assembling  process 


-average  —  maximum 


Figure  8.  Attenuation  change  of  cabling  process 


*Fiber  attenuation  value  was  measured  on  reel.  Unit  attenuation 
value  was  measured  on  <f>  1 600mm  drum. 


3.3  Unit  reliability  performance 

Unit  reliability  performance  as  an  optical  fiber  unit  for  submarine 
cable,  was  estimated  to  apply  high  water  pressure  and  temperature 
cycle  change.  Water  pressure  was  applied  at  9.81Mpa,  while 
monitoring  the  undersea  cable  construction.  Since  attenuation  was 
stable  when  adding  or  releasing  pressure,  no  problems  were 
confirmed.(Refer  to  Figure  9.) 


3.2  Loss  transition  of  the  Cabling  process 

The  attenuation  change  of  product  process  from  optical  fiber,  optical 
fiber  unit,  and  cable  was  shown  in  Figure  8.  It  was  not  confirmed 
much  increasing  attenuation  as  cabling  process. 


Figure  9.  Water  pressure  performance  of  unit 


*  Sample  length  was  100m 
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Unit  attenuation  with  temperature  change  from  -20  to  50°C  was 
shown  in  Figure  10.  It  was  not  confirmed  any  problems  such  as 
increased  attenuation  at  low  temperature. 


Figure  10.  Temperature  cycle  performance  of  unit 


4.  Conclusion 

Ge-doped  core/pure  Si02  clad  fiber  was  able  to  put  into  special  use 
as  for  dispersion-equalizing  fiber,  for  improvement  property  of 
attenuation  and  macro-bending  loss.  It  was  important  point  of 
development,  to  reduce  attenuation  and  macro-bending  loss  of 
conventional  SMF.  An  average  attenuation  less  than  0.19dB/km 
were  achieved,  on  the  result  of  this  development.  But  loss  value  of 
Ge-doped  core/pure  Si02  clad  fiber  was  still  higher  than  the  value  of 
pure  Si02  clad  fiber,  it  was  more  than  O.OldB/km  of  difference. 
However  the  margin  of  attenuation  was  so  growing  as  to  introduce 
of  Erbium  Doped  Fiber  Amplification  (EDFA),  cost  merit  of  Ge- 
doped  core/pure  Si02  clad  fiber  was  more  appropriated.  Therefore, 
practical  application  was  realized. 

In  future  optical  submarine  transmission  system,  the  system 
composition  was  to  compensate  both  chromatic  dispersion  value  and 
dispersion  slope.  Generally,  it  was  combined  Reverse  Dispersion 
Fiber  (RDF)  and  high  performance  SMF,  which  modified  Ge-doped 
core/pure  Si02  clad  fiber  of  this  study  to  enlarge  Aeff 

This  Ge-doped  core/pure  Si02  clad  fiber  had  some  merit,  low  cost, 
and  fine  productivity.  Thus,  the  demand  of  this  fiber  for  optical 
submarine  cable  would  expect  greatly  to  increase. 
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Abstract 

This  paper  presents  a  design  for  an  undersea  optical  cable  that 
successfully  resolves  the  attenuation  issues  of  highly  bend 
sensitive  fibers  with  large  mode  field  diameter  used  in  ultra-high 
speed  broadband  transmission.  To  meet  the  requirements  of  the 
rigorous  environment  of  an  undersea  cable  system,  this  new 
design  combines  a  loose  tube  with  low  fiber  excess  length,  and 
uses  a  new  technique  of  fiber  termination  in  a  cable  splice  box. 
The  result  of  this  approach  minimizes  the  microbending  of  the 
fiber  in  the  cable  and  reduces  local  accumulation  of  fiber  along 
the  cable  and  near  a  splice  box.  Plastic  loose  tube  is  utilized  in 
this  design,  which  provides  an  economical  protection  to  the  fibers 
in  a  traditional  cable  structure.  The  design  of  the  fiber  termination 
in  the  splice  box  demonstrates  that  the  fibers  can  be  terminated 
firmly  without  significant  attenuation  change. 

Keywords 

Large  mode  field  fiber,  microbend  sensitivity,  undersea  cable. 

1.  Introduction 

An  undersea  optical  fiber  cable  traditionally  accommodates  either 
tight-buffer  (tight-fit)  or  loose  tube  design.  Due  to  the  increased 
demand  for  ultra-high  speed  broad  band  transmission,  fibers  with 
larger  mode  field  diameter  (or  effective  area)  are  needed.  These 
fibers  are  usually  highly  bend  sensitive.  To  resolve  this  issue, 
some  have  proposed  coating  traditional  fibers  with  a  layer  of 
larger  diameter  UV  acrylate  [1],  while  others  have  moved  away 
from  the  loose  tube  design  and  utilized  a  tight  buffer  [2]  to  control 
the  loss  in  the  cable.  According  to  our  experience,  the  cabling 
process  usually  generates  some  degree  of  microbending  within  the 
fibers  in  a  tight  buffer  structure.  A  large  mode  field  diameter  fiber 
with  high  bend  sensitivity  is  more  vulnerable  to  increased  loss  in 
the  tight  buffer  design.  Figure  1  shows  the  fiber  attenuation 
results  comparison  between  a  loose  tube  cable  and  a  traditional 
tight  buffer  cable. 

This  development  work  demonstrated  that  the  loose  tube  design, 
with  appropriate  fiber  excess  length  control,  provides  a  benign 
environment  for  the  fibers  and  produces  low  loss  during  and  after 
cabling.  In  addition,  the  design  of  the  fiber  termination  in  the 
cable  joint  constrains  the  fibers  to  avoid  any  local  loss  increase 
and  makes  cable  handling,  such  as  deployment  and  recovery, 
identical  to  that  of  a  cable  with  tight  buffer  design. 

In  the  following  sections,  details  of  the  design,  properties  and 
cable  performance  are  discussed. 
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Figure  1  Fiber  attenuation  with  different  MFD 
in  different  cable  designs 

2.  Cable 

2.1  Core  Structure 

The  core  of  the  undersea  optical  fiber  cable  is  a  loose  tube  using  a 
traditional  thermoplastic  tube  material.  Gel  is  used  in  the  tube 
which  serves  as  a  filling  compound  to  prevent  water  ingress  and 
to  gently  support  the  fibers  to  reduce  the  impact  of  microbending. 
The  fill  ratio  of  the  gel  is  designed  to  be  as  high  as  possible  to 
reduce  voids  and  increase  the  waterblocking  effectiveness.  The 
fiber  count  varies  and  is  being  pursued  up  to  16  for  a  17-mm  size 
cable  and  24  for  a  21 -mm  cable.  Fibers  are  laid  in  the  tube  straight 
without  helix. 

2.2  Cable  Structure 

The  basic  design  of  the  cable  structure  remains  the  same  as  a 
tight-buffer  cable  but  the  core  is  replaced  by  a  loose  tube.  Outside 
the  tube,  twenty-four  stranded  wires  form  a  tight  package 
surrounding  the  loose  tube  as  shown  in  Figure  2.  Next,  copper 
tape  is  welded  and  swaged  down  on  the  wires  to  serve  as  an 
electrical  conductor  and  a  protective  sheath.  Then  a  polyethylene 
jacket  is  extruded  over  the  copper  to  serve  as  insulation.  This 
structure  is  designated  as  "Light  Weight"  (LW)  cable.  For 
additional  strength  and  abrasion  capability,  armor  wires  can  be 
added  to  the  outside  of  the  LW  cable  to  create  different  types  of 
protected  cable. 
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Figure  2.  Loose  Tube  Cable  (LW)  Structure 
2.3  Material 

2.3.1  Loose  Tube  There  are  several  important  advantages  in 
the  use  of  a  thermoplastic  material  such  as  Polybutylene 
Terephthalate  (PBT)  in  an  undersea  loose  tube  construction. 
(1)  A  plastic  tube  is  more  economical  than  a  metallic  tube  in  both 
raw  material  cost  and  the  capital  costs  of  the  processing 
equipment.  (2)  Unlike  a  metallic  tube  construction  which  requires 
a  longitudinal  jointing  technique  (consequently  introducing 
seams),  plastic  can  be  extruded,  thus  eliminating  concerns  about 
seam  reliability.  (3)  PBT  affords  excellent  dimensional  stability 
and  surface  morphology  to  minimize  optical  impact  on  enclosed 
fibers.  (4)  PBT  has  proven  to  be  very  stable  for  the  operating 
environment  of  undersea  cables,  has  no  corrosion  issues  and  is 
thus  unlikely  to  generate  hydrogen  in  the  presence  of  seawater. 
(5)  In  addition  to  the  material  stability,  the  shrinkback 
characteristics  of  PBT  are  utilized  to  effectively  control  the  excess 
fiber  length  in  the  loose  tube. 

An  extensive  material  qualification  program  was  carried  out  to 
evaluate  PBT,  including  its  physical  and  chemical  properties. 
Specific  qualification  items  included  hydrolytic  stability,  melt 
flow  characteristics  before  and  after  processing,  water  content, 
degree  of  crystallization,  and  compatibility  with  other  cable 
construction  materials. 


critical  shear  stress  of  0.003  to  0.010  psi  and  a  cone/plate 
viscosity  of  20,000  to  40,000  cps  were  established  to  be  the 
optimum  value  ranges  for  loose  tube  construction.  The  choice  of 
such  rheological  property  ranges  allows  us  to  control  the  coupling 
of  fibers  to  the  loose  tube  in  such  a  way  that  sufficient  excess  fiber 
length  (EFL)  is  maintained  to  allow  fiber  movement  during  the 
loading  and  unloading  of  tensile  strain,  while  preventing  water 
ingress  in  the  event  of  a  cable  cut. 


The  characterization  of  gels  involves  an  assessment  of  both  static 
and  dynamic  rheological  properties,  which  are  related  to  both  tube 
processing  and  the  resultant  fiber  properties.  In  addition, 
extensive  chemical  and  physical  evaluations  of  the  gel  properties, 
such  as  volatilization  of  gaseous  species  (including  hydrogen)  and 
gel  compatibility  with  tube  and  fiber  coating  materials,  were 
carried  out. 


3.  Cable  Properties,  Performance,  And 
Qualification 

3.1  Excess  Fiber  Length  (EFL) 

To  minimize  the  interaction  of  fibers  in  a  loose  tube,  the  excess 
length  of  fibers  must  be  tightly  controlled,  especially  at  the  last 
stage  of  the  manufacture  process.  During  tube  manufacture,  the 
fiber  excess  length  is  controlled  to  be  less  than  0.20%.  In  the 
process,  which  adds  the  steel  strand  wires  and  copper  sheath,  the 
tube  strain  is  controlled  to  make  the  EFL  in  the  strand  wire 
package  0.05%  or  less.  During  the  polyethylene  extrusion  process, 
the  fiber  strain  in  the  cable  is  generally  unchanged.  Figure  3 
shows  the  change  of  fiber  attenuation  after  various  process  steps. 
The  fiber  attenuation  is  significantly  improved  from  loose  tube  to 
cable,  which  correlates  to  a  significant  reduction  of  excess  fiber 
length.  In  the  final  cable  stage,  the  fiber  is  almost  straight  in  the 
tube. 


bobbin  loose  tube  cable 

process  stage 


Figure  3.  Fiber  EFL  and  Attenuation 
Relationship 


2.3.2  Filling  Compound  The  cable  filling  compound,  or  gel, 
must  also  be  chosen  carefully.  In  evaluating  different  sources  of 
gels,  emphasis  was  placed  on  the  rheological  properties, 
specifically,  the  viscosity  and  critical  yield  stress.  Based  upon 
analytical  modeling  and  cable  attenuation  testing,  a  range  of  a 


3.2  Fiber  Count 

The  fiber  count  for  17-mm  cable,  with  tube  inner  diameter  of  1.88 
mm,  was  tested  for  up  to  16  fibers.  The  average  attenuation  of 
fiber  relative  to  fiber  count  is  shown  Figure  4.  The  slightly  higher 
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cabled  fiber  losses  for  the  4  and  6  fiber  counts  are  believed  to  be 
the  result  of  unstable  EFL  during  the  early  stage  of  production. 
The  results  show  that  the  fiber  count  does  not  significantly  affect 
the  fiber  attenuation  in  a  17-mm  loose  tube  cable  up  to  16,  which 
gives  a  packing  density  of  29%. 
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Figure  5.  Shear  adhesion  of  fiber  in 
different  gels 
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Figure  4.  Cabled  fiber  loss  versus  fiber  count 


3.3  Gel  Fill 

The  gel  fill  is  a  critical  parameter  affecting  water  ingress.  This 
value  is  defined  as  the  average  ratio  of  actual  gel  volume  in  the 
tube  to  the  total  volume  available.  The  gel  fill  is  controlled  to 
approximately  95%.  It  was  found  in  water  ingress  tests  with  cable 
sample  lengths  of  250  meters  that  the  gel  fill  could  be  as  low  as 
87%  and  still  pass  the  test.  For  a  1-km  test  length,  the  cable  must 
withstand  a  pressure  of  8000  psi  for  two  weeks  without  water 
leak.  In  fact,  the  actual  water  penetration  in  this  test  was  less  than 
10  meters.  From  the  gel  fill,  the  critical  shear  stress  of  the  gel,  and 
the  length  of  the  cable  sample,  it  was  calculated  that  a  1  -km  cable 
could  withstand  well  more  than  8000  psi  without  water  ingress 
through  the  full  length. 

3.4  Qualification 

A  series  of  qualification  tests  was  conducted  which  subjected  the 
cable  to  the  most  severe  jn-service  environmental  conditions  of 
tension,  bending,  temperature,  and  pressure  expected  in  the  field. 
This  design  has  met  the  requirements  without  any  issues.  A 
primary  area  of  focus  was  the  coupling  and  the  interaction 
between  the  fibers  and  the  loose  tube  gel  medium.  Test 
procedures  were  developed  to  permit  measurement  of  the  EFL  on 
100-meter  long  test  specimens  after  the  tube  manufacturing  stage 
and  in  the  finished  cable  stage.  Other  testing  focused  on  the  shear 
interaction  between  fiber  and  gel.  A  number  of  trial  lengths  of 
loose  tube  with  different  gel  types  were  manufactured  and  tested. 
Figure  5  shows  a  comparison  of  the  shear  adhesion  properties  of 
different  gels  in  cabled  loose  tube  with  the  fiber  unrestrained  at 
the  specimen  ends.  Gel  A  was  chosen  due  to  its  better  coupling 
with  the  fibers.  Once  this  most  favorable  gel  material  was 
characterized,  cable  manufacturing  parameters  could  be  specified 
to  provide  the  tight  control  of  EFL  desired  in  the  finished  cable. 


Using  optical  phase  delay  test  methodology  for  fiber  strain 
measurement,  testing  on  finished  cable  lengths  was  conducted  to 
determine  the  final  EFL  for  the  product.  Figure  6  shows  fiber 
slack  measured  during  tensile  testing  on  a  LW  cable  specimen. 


cable  elongation  (cm) 

Figure  6.  EFL  test  of  a  17  mm  LW  cable 

4.  Joint  Design,  Performance  And 
Qualification 

4.1  Joint  Design 

The  cable-to-cable  joint  and  cable-to-repeater  coupling  anchor 
assembly  are  required  to  withstand  the  forces  of  deployment  and 
recovery  and  to  withstand  ocean  environments  including  pressure 
of  up  to  nearly  15,000  psi.  They  must  provide  reliable  connections 
for  fibers  which  transition  from  the  cable  structure  and  for 
splicing.  Joints  and  couplings  must  also  be  capable  of 
withstanding  full  system  voltage  for  the  system  lifetime 
requirement  of  27  years. 
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When  the  cable  core  design  was  changed  from  one  using  an 
extruded  elastomer  with  a  central  wire  to  the  loose  tube,  a  new 
method  for  preventing  the  fibers  from  moving  into  the  cable 
structure  from  the  joints  became  necessary.  A  ferrule  and  holder 
were  developed.  The  fibers  are  splinted  and  potted  within  the 
ferrule.  A  commercial  product  originally  designed  as  a  mass 
fusion  splice  holder  provides  adequate  strength  and  shows  low 
loss  under  tension,  which  recovers  when  the  tension  is  removed. 
The  ferrule  does  not  damage  the  fiber  coating  during  severe  load 
and  temperature  exposure  tests.  The  ferrule  retainer  assembly  has 
a  trough  that  contains  and  restrains  the  ferrule.  Tension  forces 
applied  to  the  fibers  are  transferred  to  the  joint  through  the 
retainer  assembly.  The  PBT  tube  is  reliably  fixed  to  the  cable 
structure  and  does  not  require  restraint  at  the  joint.  Other  features 
of  the  joint  required  slight  modification  to  accommodate  the  new 
fiber  trajectory  and  placement  in  the  joint.  The  details  of  the  joint 
are  shown  in  Figure  7  below. 


Figure  7.  Cable-to-cable  joint 


4.2  Qualification 

A  standard  set  of  qualification  tests  is  performed  whenever  joint 
designs  are  altered  significantly.  For  the  loose  tube  joint,  bench 
tests  were  done  to  verify  the  fiber  retention  and  optical  loss 
characteristics  of  the  ferrules.  These  included  temperature  cycles 
and  simulated  loading  during  cable  tension  with  a  design  factor 
(multiplier).  Then  joints  within  100-meter  cable  samples 
completed  the  listed  tests.  Criteria  included  no  visible  damage  or 
excursive  or  residual  loss  greater  than  .05  dB  times  the  number  of 
splices  in  the  joint. 


Cyclic  Tension 
Hydrostatic  Pressure 
High  Voltage 

Figure  8  shows  a  tension  test  result  for  the  joint.  The  fibers  show 
slightly  higher  but  stable  loss  during  peak  load  holding,  and  the 
losses  come  back  to  normal  after  loading. 


Figure  8.  Tensile  test  results  of  cable 
to  cable  joint 


Separate  tests  were  done  to  qualify  the  insulation  molding 
process.  The  optical  loss  was  monitored  during  the  molding 
process. 

5.  Sea  Trial 

The  purpose  of  the  sea  trial  was  to  study  the  performance  of  the 
fiber  in  the  loose  tube  cable  and  in  the  cable-to-cable  joints  during 
deployment  and  recovery.  The  sea  trial  was  conducted  in 
November,  1998  in  the  western  Atlantic  at  an  ocean  depth  of  5000 
meters.  Three  different  cable  joints  and  cable  joint  designs  were 
integrated  into  the  cable.  The  designs  that  were  studied  employed 
various  methods  of  fiber  restraint:  an  unrestrained  fiber,  fiber 
restrained  with  a  drum,  and  fiber  restrained  with  heat-shrink 
ferrule.  A  cable  repair  operation  was  simulated  and  a  shipboard 
cable  joint  with  unrestrained  fibers  was  constructed.  The 
shipboard  joint  was  then  deployed  and  recovered. 

5.1  Deployment  and  Recovery 

The  sea  trial  cable  system  was  deployed  at  an  average  payout 
speed  of  2  knots.  During  deployment,  the  behavior  of  the  fibers 
was  quite  stable.  No  significant  attenuation  changes  were 
observed  in  all  of  the  fibers  with  the  attenuation  in  most  of  the 
fibers  showing  no  change.  The  maximum  increase  in  attenuation 
in  one  of  the  fibers  was  less  than  .01  dB/km. 


Tests: 

Storage  Temperature  Test 
Shock  and  Vibration 
Applied  Torsion 
Sheave  Laying  and  Recovery 
Tensile  with  and  without  Swivel 


Cable  recovery  tensions  are  greater  than  tensions  during 
deployment  and  larger  changes  in  measured  optical  attenuation 
were  seen  during  recovery.  The  average  loss  increase  in  the  fibers 
ranged  from  0.0047  to  0.016  dB/km.  After  complete  recovery,  the 
residual  average  loss  increase  was  0.005  dB/km  of  all  the  cables. 
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5.2  Cable  Repair  Operations 

The  cable-to-cable  joint  deployment  and  recovery  cycle  was 
followed  by  cable  redeployment,  cutting  of  the  cable  midspan, 
grappling  of  the  two  ends,  and  a  shipboard  cable-to-cable  joint. 
The  shipboard  joint  was  then  deployed  and  recovered.  The  cable 
was  grappled  and  although  the  grappling  hooks  secured  the  fibers 
and  prevented  any  fiber  movement,  slight  movement  of  the  fiber 
was  observed  after  the  cable  end  had  been  brought  to  the  jointing 
area. 

5.3  Repair  Joint 

The  change  in  fiber  attenuation  in  the  cable  joints  with  restrained 
fibers  was  insignificant.  The  optical  attenuation  measurements  at 
the  cable  joint  with  unrestrained  fibers  indicated  unstable  fiber 
pull-in  and  loss  increase.  After  dissection  of  the  cable  joint,  the 
fiber  pull-in  was  measured  to  be  in  the  range  of  5.5  to  6.4  inches 
from  deployment  to  complete  recovery.  Due  to  this  fiber  pull-in, 
two  fibers  showed  a  higher  local  loss  increase  in  the  range  of  1.3 
to  5  dB.  This  confirmed  that  the  unrestrained  fiber  joint  design 
was  inappropriate  for  this  cable  design. 

6.  Conclusion 

This  cable  design  is  now  in  steady  production.  Several  systems 
have  been  successfully  deployed  and  their  excellent  performance 
demonstrates  that  this  design  is  adequately  benign  to  the  bend 
sensitive  fibers  with  larger  mode  field  diameter.  In  addition,  this 
simple  but  robust  design  with  economical  yet  reliable  materials 
makes  this  cable  system  easy  to  manufacture,  handle,  and  repair. 
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Abstract 

In  this  paper  we  describe  the  development  of  high-count  tight  type 
fiber  unit  for  repeatered  submarine  cable  systems.  This  highly 
reliable  tight  type  16  fibers  unit  design,  based  on  OCC's  12  fibers 
unit  for  repeatered  and  24  fibers  unit  for  repeaterless  systems,  has 
been  optimized  for  its  use  with  newly  developed  fibers  that  are 
micro  and  macro  bend  sensible.  This  new  unit  design  combined 
with  fibers  for  dense  wavelength  division  multiplexing  (DWDM) 
communication  systems  applications  was  aimed  to  respond  to  the 
growing  demand  of  trans-oceanic  ultra  high  capacity  links  and  at  the 
same  time  conform  the  reliability  requirements  for  submarine  cables. 
The  developed  fiber  unit  was  cabled  and  evaluated  applying  it  to  the 
OCC-22S  LW  cable,  considering  the  power  feeding  requirements  of 
8  fiber  pairs  and  that  it  is  one  of  our  most  reliable  cable  designs  with 
a  well  known  performance.  As  the  result  of  field  evaluation  during  a 
sea  trial  we  confirmed  that  the  new  fiber  unit  is  fully  applicable  to 
our  current  cable  design. 

Keywords 

High-Count;  tight  type  fiber  unit;  submarine  cable;  DWDM. 

1.  Introduction 

The  trend  toward  ultra  high  speed  optical  communication  systems 
impulsed  by  the  fast  growing  information  technology,  e-commerce 
and  internet  traffic  have  created  new  needs  in  the  submarine  cable 
network  field.  High  channel  capacity,  highly  reliable  and  short 
development/evaluation  period  are  the  requirements  of  nowadays 
planned  optical  submarine  cable  networks  that  are  to  be  linking 
major  points  in  Europe  and  North  America  to  Asia  and  South 
American  countries.  Trans-oceanic  submarine  cable  system's 
construction  expenses  represent  a  big  portion  of  the  system  budget, 
therefore  technology  that  allows  ultra  high  capacity  under  the  same 
construction  costs  has  become  the  most  attractive  option.  As 
methods  to  achieve  high  channel  capacity  in  submarine  cable 
systems  (1)  enhanced  wavelength  multiplexing  on  a  limited 
bandwidth,  (2)  cable  with  high  fiber  count  design  and  (3)  extended 
bandwidth  (L-Band  deployment)  approaches  has  been  done. 

To  achieve  (1)  the  combination  of  large  core  effective  area  fiber  and 
reversed  chromatic  dispersion  (CD)  slope  fiber  has  been  proposed  as 
an  alternative  to  reduce  fiber's  non-linearity  effects.  Also  fibers  with 
reduced  CD  slope  that  mitigate  the  effects  of  chromatic  dispersion  in 
DWDM  systems  can  be  mentioned.  However  these  fibers  designs 
were  optimized  to  reduce  non-linear  effects  due  to  launch  power  as 
well  as  CD  effects  in  long-haul  systems  and  allow  fairly  good 


channel  increment,  compared  to  nowadays  fibers  for  WDM 
applications  they  are  more  micro  and  macro  bend  sensible  [2].  This 
represents  a  big  obstacle  when  trying  to  cable  the  fiber  with  out 
affecting  its  optical  attributes.  To  achieve  (2),  supposing  that  we 
keep  the  same  fiber  density,  applying  same  design  as  actual  units 
will  lead  us  to  a  very  large  unit,  which  may  not  be  affordable  nor 
applicable  to  our  current  cable  design.  Therefore  to  realize  an 
enhanced  fiber  density  we  must  optimize  the  unit  design  taking  in  to 
account  that  micro  and  macro  bend  sensibility  as  well  as  cost 
represents  very  tight  design  constraints. 

These  needs  made  us  analyze  the  design  of  our  highly  reliable  fiber 
unit  for  repeatered  and  repeaterless  system  applications]!]  so  as  to 
obtain  a  high  count  tight  type  fiber  unit  for  repeatered  submarine 
systems,  capable  of  holding  newly  developed  optical  fibers  for 
DWDM  applications  as  well  as  to  be  applicable  to  current  cable 
design.  This  time  we  succeed  at  cabling  newly  developed  fibers  for 
DWDM  applications  using  optimized  high-count  fiber  unit  design. 
Results  of  unit's  optimization  and  evaluation  as  well  as 
manufactured  LW  cable's  field  evaluation  are  presented. 

2.  Fiber  Unit  Design 

To  achieve  highly  reliable  fiber  unit  design  that  can  be 
manufactured  with  our  existent  machinery  we  decided  to  analyze  the 
thigh  type  design  applied  in  repeatered  and  repeaterless  cable 
systems.  Moreover,  we  decided  that  new  fiber  unit  is  to  be  deployed 
with  one  of  our  actual  well  known  cables  design  in  order  to  obtain 
enhanced  reliability  and  operability  of  final  cable.  Here  the  unit's 
outer  diameter  was  fixed.  The  next  step  and  most  difficult  one  was 
to  decide  the  fiber  layer  structure  and  fiber  spacing  so  that  optical 
attributes  of  unitized  fibers  are  not  affected.  In  order  to  evaluated  the 
performance  of  each  possible  design  we  manufactured  several  short 
length  sample  units  and  conducted  some  test  on  each  one  of  them. 
Evaluation  results  regarding  four  of  those  samples,  referred  to  as 
design  type  A  ~  D,  are  introduced. 

3.  Unit  Evaluation 

The  fiber  applied  to  each  of  the  manufactured  samples  was  a 
common  well-known  single  mode  fiber  for  submarine  applications. 
The  effect  of  unitizing  the  fiber  is  evaluated  by  comparing  the 
optical  characteristics  of  the  fiber  before  and  after  the  process. 
Finally  the  best  design  is  selected  and  applied  to  manufacture  a 
long  length  cable. 
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3.1  Spectra!  Characteristic 

Each  manufactured  sample  was  evaluated  by  comparing  the  fiber’s 
attenuation  spectral  characteristic  before  and  after  unitizing  process. 
Figure  1  shows  characteristics  of  original  fiber  and  unitized  fiber  for 
the  most  representative  cases,  it  can  be  noted  that  spectral 
characteristic  of  fiber  unitized  using  Design-A  shows  almost  the 
same  tendency  of  original  one  until  a  point  around  wavelength  1550 
nm  where  the  characteristic  curve  has  a  turning  point.  Beyond  this 
point  attenuation  increases  with  wavelength.  For  Design-D  case, 
spectral  characteristic  of  fiber  agrees  with  original  fiber’s  one  over 
the  all  measurement  range,  showing  that  unitizing  with  this  design 
does  not  affect  fiber's  optical  attributes. 

3.2  Temperature  Stability 

Figure  2  shows  temperature  stability  test  results  for  four  different 
unit  designs.  The  samples  are  temperature  cycled  between  -40  °C 
and  +60  °C  around  a  reference  temperature  of  +15  °C,  while 
variation  on  attenuation  characteristic  is  monitored  continuously. 
Based  on  previous  results,  we  confirmed  that  temperature  stability  of 
each  design  is  at  the  same  level  of  conventional  8-fiber  unit  applying 
the  same  single  mode  fiber  and  that  also  residual  variations  are  in 
the  range  of  actual  in-service  products. 


—  Fiber 
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Design-D 


1530  1540  1550  1560  1570 


Wavelength  [nm] 


Figure  1.  Spectral  attenuation 
characteristic  of  unitized  fiber 
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Figure  2.  Temperature  stability 
characteristic  of  various  unit  design 


3.3  Mechanical  Characteristics 

In  Table  1,  results  of  repetitively  bending  the  fiber  unit  are  shown. 
This  test  is  conducted  as  part  of  the  unit's  mechanical  characteristic 
evaluation  program.  It  can  be  seen  that  Design-C  is  more  bend 
sensible  than  Design-D.  After  the  test,  residual  variation  is  very 
small  for  both  unit  designs  so  confirming  that  attenuation  increase 
during  Design-C  evaluation  has  direct  relation  to  unit  structure. 

Table  1.  Mechanical  Characteristic  evaluation 


(Bending  test  results) 


Test  Item 

Design-C 

Design-D 

Repetitive 

Bending  Test 

Attenuation 

increase 

-0.010  dB 

0.000  dB 

Attenuation 

decrease 

0.000  dB 

0.001  dB 

Residual 

variation 

0.000  dB 

0.001  dB 

3.4  Design  Selection 

Based  on  evaluation  results  described  here,  selection  of  the 
optimum  fiber  unit  design  is  analyzed.  Concerned  about  spectral 
attenuation  characteristic  of  fiber  unitized  with  Design-A  in  the 
wavelength  range  >1550  nm  we  decided  to  avoid  applying  this 
structure  considering  that  enhanced  bandwidth  must  to  be 
achieved.  Regarding  mechanical  performance  of  Design-C,  we 
considered  that  cable  applying  this  fiber  unit  might  have  some 
issues  regarding  mechanical  performance  during  evaluation 
process  after  cabling.  Finally,  we  have  to  decide  between  Design- 
B  and  Design-D  units,  which  showed  almost  the  same 
performance  during  evaluation  tests  so  confirming  that  they  might 
be  cabled  without  problem.  Considering  that  the  only  difference 
between  those  two  designs  is  unit  outer  diameter  and  material 
resources  expenses  to  unitize  fiber,  we  choose  Design-D  as  the 
design  to  be  used  to  manufacture  a  long  length  unit  that  is  applied 
to  OCC-22S  LW  cable. 

4.  Long  Length  Sample  Manufacturing 

The  selected  fiber  unit  design  introduced  above  is  applied  to 
manufacture  a  long  length  unit  sample  utilizing  newly  developed 
fibers  for  DWDM.  Then,  unit  is  cabled  and  thoroughly  evaluated. 

4.1  Applied  Fibers 

In  order  to  respond  to  the  fast  grow  in  the  demand  of  ultra  high 
capacity  submarine  cables  applying  DWDM  technology,  we 
consider  the  utilization  of  following  fibers  to  be  applied  to  the  newly 
developed  16  fibers  unit  design.  (l)Hybrid  fiber  constituted  by 
newly  developed  large  core  effective  area  fiber  and  reverse 
chromatic  dispersion  slope  fiber  and  (2)  single  constituted  fiber  with 
lowered  chromatic  dispersion  slope.  Both  fibers  are  optimized  to 
obtain  low  non-linear  effects  and  low  chromatic  dispersion  slope 
characteristic. 
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Also  other  standard  fibers  for  submarine  cable  applications  are 
selected  so  as  to  evaluate  the  design  for  future  systems  applications 
as  well  as  actual  ones.  Table  2  shows  typical  characteristics  of  8 
types  of  fiber.  2  fibers  of  each  type  are  applied  to  manufacture  long 
length  unit  sample. 

As  introduced  above,  some  of  the  utilized  fibers  are  combined  to 
obtain  better  performance.  Table  3  shows  an  example  of  such  a 
hybrid  combination  and  the  expected  optical  characteristics. 

Manufacture  unit  sample's  cross  section  diagram  is  illustrated  in 
Figure  3. 


Table  2.  Characteristics  of  applied  fibers 


Fiber 

Type 

Clad 

Diam. 

Aeff 

@1550 

[nm] 

Optical 

Atten. 

@1550 

[nm] 

Chrom. 

Disper. 

@1560 

[nm] 

Disper. 

Slope 

@1560 

[nm] 

pm 

pm2 

dB/km 

ps/nm/km 

ps/nm2/km 

A 

125 

69 

0.206 

-2.5 

0.117 

B 

125 

52 

0.200 

-1.7 

0.070 

C 

125 

50 

0.202 

-2.8 

0.054 

D 

125 

101 

0.193 

18.3 

0.063 

E 

125 

23 

0.251 

-24.1 

-0.065 

F 

125 

115 

0.187 

20.7 

0.062 

G 

125 

105 

0.168 

21.1 

0.057 

H 

125 

20 

0.274 

-47.2 

-0.055 

optimization  process.  Figure  4  shows  the  temperature  stability 
characteristic  measured  at  the  most  representative  2  fiber  loops. 
Although  we  might  suppose  from  the  results  in  Figure  4  that 
fibers  constituting  Loop-2  are  more  sensible  to  external  forces 
compared  to  Loop-1  constituting  fibers,  the  amount  of  attenuation 
variation  in  Loop-2  is  in  the  range  of  values  obtained  when 
performing  the  same  evaluation  test  on  8  fibers  unit. 


•  Center  Wire 


•  Fiber 


•  Resin 


Figure  3.  Cross-section  diagram  of 
developed  fiber  unit 
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Figure-4  Temperature  stability  characteristic 


Table  3.  Characteristics  of  hybrid  fiber 


Aeff 

Optical 

Atten. 

Chrom. 

Disper. 

Disper.  Slope 

Fiber 

Combination 

@1550 

[nm] 

@1550 

[nm] 

@1550 

[nm] 

@1550  [nm] 

pm2 

dB/km 

ps/nm/km 

ps/nm2/km 

D+E 

60 

0.222 

-2.3 

-0.002 

G+H 

60 

0.217 

-2.0 

0.020 

4.2  Unit  characteristic 

Manufactured  16  fibers  unit  is  sampled  to  perform  some 
evaluation  test  in  addition  to  those  performed  during  the  design 


Regarding  the  unit’s  mechanical  characteristics,  evaluation 
conducted  on  the  same  loops  as  above  revealed  that  performance 
on  those  fibers  are  in  the  same  level  of  nowadays  available  8 
fibers  unit  for  submarine  cable  application  utilizing  fiber  for 
WDM  applications.  With  the  obtained  results  we  can  be  confident 
that  this  unit  might  be  cabled  without  problem. 

4.3  LW  Cable's  Characteristics 

Figure  5  shows  the  structure  of  manufactured  LW  cable  applying 
newly  developed  16  fibers  unit.  Cable's  characterized  dimension 
and  mechanical  attributes  are  described  in  Table  4.  Our 
experience  manufacturing  this  cable  as  well  as  the  highly  reliable 
performance  that  can  be  obtained  with  this  cable  becomes  the 
most  important  factors  when  selecting  the  cable  design. 

4.3.1  Attenuation  Variation  At  Cabiing.  Figure  6  shows 
attenuation  measurement  results  at  each  step  of  cabling  process. 
Measurements  are  performed  in  accordance  to  the  cut-back 
technique  utilizing  a  wavelength  variable  laser  source  and  optical 
power  meter  in  wavelength  around  1550  nm.  Results  in  Figure  6 
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Attenuation  [dB/km] 


represent  the  average  of  the  obtained  values  for  each  fiber  type  at 
1550  nm  wavelength.  Attenuation  variations  indicate  that  cabling 
process  does  not  affect  optical  attribute  of  fiber. 


compound 

Figure  5.  Structure  of  LW  Cable  with  high- 
count  fiber  unit 


Table  4.  Cable's  typical  characteristics 


Cable  nominal  diameter 

22.5  mm 

Cable  weight  in  air 

9.0  kN/km 

Cable  weight  in  water 

5.0  kN/km 

Minimum  breaking  load 

98  kN 

Storage  factor 

0.54  m3/km 

Minimum  bending  radius 

900  mm 

Maximum  deployment  depth 

8000  m 

4.3.2  Spectral  Characteristic.  Attenuation- wavelength 
relation  over  the  range  from  1100  nm  to  1600  nm  of  each  fiber 
type  measured  before  unitizing  and  after  LW  cable  process  are 
compared.  Figure  7  describes  the  most  explanative  result  among 
the  obtained  ones.  In  Figure  7  we  can  see  that  attenuation 
characteristic  of  bare  fiber  over  wavelength  range  from  1550  nm 
to  1600  nm  tends  to  increase.  We  can  observe  that  after  cabling 
this  tendency  is  mitigated  and  that  attenuation  decreases  as 
wavelength  increases  over  the  range  >1400  nm.  We  suppose  that 
this  effect  is  directly  related  to  bare  fiber  winding  condition 
during  acceptance  inspection,  after  cabling  fiber  bending  is 
released  and  such  condition  causing  attenuation  increase  in  the 
long  wavelength  region  is  mitigated. 

4.3.3  PMD  Variation  At  Cabling.  Figure  8  shows  average 
PMD  of  each  fiber  type  measured  after  each  step  during  cabling 
process.  From  Figure  8,  we  can  see  that  PMD  increases  during 
unit  process,  this  is  caused  by  an  small  amount  of  tension  applied 
on  fiber  unit  during  winding.  Also,  it  is  understood  that  variation 
in  PMD  during  unit  process  is  completely  reversed  during  Copper 
tube  process  for  all  fiber  types  except  for  types  E  and  H.  PMD  of 
these  two  fibers  are  believed  to  be  very  sensible  to  external  stress. 
This  might  become  an  issue  to  be  mitigated  during  cable  mass 
production. 


Figure  7.  Variation  of  attenuation  spectral 
characteristic  during  cabling  process 
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Figure  6.  Attenuation  variation  during  cabling 


Figure  8.  PMD  variation  during  cabling 
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4.3.4  Operational  Temperature  Characteristic.  Figure  9 
shows  the  variation  on  optical  attenuation  characteristic  of  each 
fiber  type  when  is  temperature  cycled  between  +30  °C  and  +3  °C 
and  the  reference  attenuation  is  measured  at  +15  °C.  This  is  to 
evaluate  the  variations  that  might  be  measured  during  an 
imminent  installation  of  the  cable.  In  Figure  9  the  left  ordinates 
axes  was  arranged  so  that  separation  between  channels  is  equal  to 
0.005  dB/km  (one  division).  From  Figure  9,  we  can  confirm  that 
temperature  stability  of  all  fibers  is  of  the  same  level  of  nowadays 
products  and  that  LW  cabling  new  developed  1 6  fibers  unit  does 
not  affect  the  attributes  of  applied  fibers. 


Figure  9.  Temperature  stability  measurement 
results 


5.  Sea  Trial 

As  a  part  of  the  evaluation  of  new  developed  16  fibers  unit, 
manufactured  long  length  cables  were  tested  in  a  sea  trial.  During 
the  sea  trial,  cable  laying,  holding  and  recovery  operations  are 
performed  to  confirm  the  cable's  mechanical  performance  and  its 
capability  to  undergo  such  operations  with  no  effects  to  optical 
attributes  of  deployed  fibers.  The  sea  trial  was  carried  out  in  the  sea 
area  Eastern  Okinawa,  JAPAN,  where  the  average  depth  is  6000  m. 

5.1  Sea  Trial  Lay  Out 

Figure  10  shows  an  explanative  lay  out  of  the  sea  trial.  The 
evaluated  cable  was  arranged  with  2  pieces  (5  km  and  1 5  km  long) 
of  OCC-22S  LW  type  cable  applying  16  fibers  unit  connected 
through  a  Joint  Box  (JB).  A  total  of  eight  measurement  loops  were 
arranged  by  loop  splicing  fibers  at  the  End  Box  (EB).  Figure  11 
illustrates  JB  laid  operation  during  sea  trial. 

5.2  Continuous  optical  attenuation  monitoring 

During  sea  trial  variation  of  optical  attenuation  on  each  loop  was 
measured  continuously.  Figure  12  shows  optical  attenuation 
variation  measured  during  each  operation  of  the  sea  trial  (positive 
variation  indicates  attenuation  decrease).  Figure  12  also  indicates 
the  start  and  end  point  of  each  operation.  We  can  see  that  as  the 
cable  was  laid  a  decrease  in  optical  attenuation  equivalent  to  the 
fiber's  temperature  characteristic  variation  can  be  confirmed  at  each 
loop.  During  hold  operation  the  variation  amount  at  each  loop  is 
negligible  thus  confirming  that  total  attenuation  variation  until  the 


start  of  hold  operation  were  mainly  caused  by  temperature  variation 
that  cable  experienced  when  was  laid.  Finally,  optical  attenuation 
variation  reversed  as  cable  recovery  operation  went  on.  After  the 
cable  was  completely  recovered,  we  confirmed  that  residual 
variation  at  each  loop  was  almost  negligible  (<0.001  dB/km)  and  of 
the  same  level  of  that  obtained  with  8-fiber  unit  application. 


Figure  10.  Sea  trial  lay  out 


Figure  11.  JB  being  laid  during  sea  trial 
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Figure  12.  Optical  attenuation  continuous 
monitoring  results 
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5.3  Optical  Characteristic  Variation 

Traces  of  OTDR  measurements  performed  on  one  fiber  loop 
before  laying  operation  and  after  recovery  operation  are  shown  in 
Figure  13  and  Figure  14  respectively.  Each  measurement  was 
performed  with  the  same  test  equipment  and  under  the  same 
conditions.  From  this  results  we  confirmed  that  JB  and  EB 
performance  together  with  cable's  performance  applying  1 6-fiber 
unit  can  be  deployed  in  actual  submarine  systems. 


Figure  13.  OTDR  trace  before  cable's  lay 
operation 


Figure  14.  OTDR  trace  after  cable's  recovery 
operation 


6.  Conclusions 

~  In  response  to  the  growing  demand  for  ultra  high  capacity, 
utilizing  dense  wavelength  division  multiplexing  technology 
we  studied  the  structure  and  design  of  a  16-fiber  unit  for 
repeatered  submarine  cable  systems  applications. 

~  Evaluation  results  of  tests  performed  on  short  length  LW 
submarine  cable  sample  manufactured  applying  optimized  fiber 
unit  design  confirmed  that  excellent  optical  and  mechanical 
performance  could  be  obtained. 

~  Long  length  fiber  unit  utilizing  new  developed  fibers  with 
enhanced  performance  for  DWDM  applications  was 
manufactured  and  cabled.  On-land  evaluation  of  cable  as  well 
as  a  sea  trial  was  performed  with  excellent  results  confirming 
that  optimized  high-count  fiber  unit  design  is  applicable  for  its 
deployment  in  submarine  cables. 

~  Variation  on  attenuation  characteristics  measured  during  the 
sea  trial  was  mostly  caused  by  the  fiber's  temperature 
characteristic.  This  confirmed  the  highly  reliable  performance 
that  can  be  obtained  with  the  tight  type  fiber  unit  applied  to  our 
current  cable  design. 


7.  Acknowledgments 

Our  special  thanks  to  all  the  people  who  worked  and  collaborated  at 
manufacturing  and  evaluating  the  unit  samples  and  cables. 

8.  References 

[  1  ]  Osamu  Nagatomi,  "Development  of  New  Tight-Fit-Type 
Submarine  Cable  with  Large  Core  Fibers  for  WDM  Systems" 
48th  IWCS,  p.317-323  (1999). 

[2]  Takato  Nishida,  "Developtment  of  Repeaterless  Optical  Fiber 
Submarine  Cable  System  for  Extensive  Application"  45th 
IWCS,  p.527-531  (1996) 


International  Wire  &  Cable  Symposium 


612 


Proceedings  of  the  49th 


About  the  Authors 


JUAN  CARLOS  AQUINO 
OCC  Corporation 
1-105-2  Hibiki-Machi 
Wakamatsu-ku  Kitakyushu 
808-0021  JAPAN 


Juan  Carlos  Aquino  was  bom  in  1971.  He  received  his  M.E. 
degree  in  Electronics  from  the  Kyushu  Institute  of  Technology.  He 
joined  OCC  in  1999  and  has  been  engaged  in  the  research  and 
development  of  optical  fiber  submarine  cables.  Actually,  he  is  an 
engineer  at  the  Engineering  Development  Department,  Submarine 
Systems  Division  and  member  of  the  IEICE  of  Japan. 

KAZUTO  YAMAMOTO 
OCC  Corporation 
1-105-2  Hibiki-Machi 
Wakamatsu-ku  Kitakyushu 
808-0021  JAPAN 


Kazuto  Yamamoto  was  bom  in  1967.  He  graduated  from  Tokai 
University  with  B.E.  degree  in  Mechanics  in  1990.  Since  he 
joined  OCC,  he  has  been  engaged  in  the  research  and  development 
of  optical  submarine  cables.  Actually,  he  is  a  senior  engineer  at  the 
Engineering  Development  Department,  Submarine  Systems 
Division. 


OSAMUNAGATOMI 
OCC  Corporation 
1-105-2  Hibiki-Machi 
Wakamatsu-ku  Kitakyushu 
808-0021  JAPAN 


Osamu  Nagatomi  was  bom  in  1969.  He  received  his  B.E.  and  M.E. 
degree  in  Mechanics  from  the  Kyushu  University.  Since  he  joined 
OCC,  he  has  been  engaged  in  the  research  and  development  of 
optical  fiber  submarine  cables.  Actually,  he  is  an  engineer  at  the 
Engineering  Development  Department,  Submarine  Systems 
Division  and  member  of  the  SNAJ  of  Japan. 


HIROFUMI  WAKAMATSU 
OCC  Corporation 
1-105-2  Hibiki-Machi 
Wakamatsu-ku  Kitakyushu 
808-0021  JAPAN 


Hirofumi  Wakamatsu  was  bom  in  1965.  He  graduated  from 
Kyushu  Sangyou  University  with  B.E.  degree  in  Chemistry.  Since 
he  joined  OCC,  he  has  been  engaged  in  the  research  and 
development  of  optical  submarine  cables.  Actually,  he  is  an 
engineer  at  the  Engineering  Development  Department,  Submarine 
Systems  Division. 


RYO  KANDA 
OCC  Corporation 
1-105-2  Hibiki-Machi 
Wakamatsu-ku  Kitakyushu 
808-0021  JAPAN 


Ryo  Kanda  was  bom  in  1973.  He  graduated  form  the  Kyushu 
Institute  of  Technology  with  B.E.  degree  in  Electrical  Engineering. 
Since  he  joined  OCC,  he  has  been  engaged  in  the  research  and 
development  of  optical  submarine  cables.  Actually,  he  is  an 
engineer  at  the  Engineering  Development  Department,  Submarine 
Systems  Division. 


ROKURO  MORIKAWA 
OCC  Corporation 
1-105-2  Hibiki-Machi 
Wakamatsu-ku  Kitakyushu 
808-0021  JAPAN 


Rokuro  Morikawa  was  bom  in  1957.  He  graduated  form  the 
Housei  University  with  B.E.  degree  in  Mechanical  Engineering. 
Since  he  joined  OCC,  he  has  been  engaged  in  the  research  and 
development  of  optical  submarine  cables.  Actually,  he  is  a  Deputy 
General  Manager  at  the  Engineering  Development  Department, 
Submarine  Systems  Division. 


International  Wire  &  Cable  Symposium 


613 


Proceedings  of  the  49th 


High  Performance  Nearly  Dispersion-Flattened  Hybrid  Optical  Transmission 

Lines  for  Ultra-Large  Capacity  Transoceanic  Systems 

M.  Tsukitani1,  Y.  Nagao2,  E.  Yanada1,  T.  Kato1, 

E.  Sasaoka1,  Y.  Makio1,  M.  Nishimura1,  and  T.  Oshima f 

(1)  Yokohama  Research  Laboratories,  Sumitomo  Electric  Industries,  Ltd. 

(2)  Fiber  Optics  Engineering  Department,  Sumitomo  Electric  Industries,  Ltd. 

1  Taya-cho,  Sakae-ku,  Yokohama,  244-8588,  Japan 
+81-45-853-7171  •  email  address  :  tukitan@yklab.sei.co.jp 


Abstract 

This  paper  describes  design  optimization  and  performances  of 
hybrid  optical  transmission  lines  consisting  of  effective  area  (A^) 
enlarged  pure-silica-core  fiber  (PSCF)  and  dispersion  compensating 
fiber  (DCF).  We  have  fabricated  tight  structure  type  optical  units  for 
submarine  cables  and  excellent  performances  have  been  confirmed. 
Furthermore,  we  have  fabricated  the  optical  unit  containing  splices 
between  PSCF  and  DCF,  and  it  has  been  confirmed  that  no  loss 
increase  caused  by  unit  structure  between  before  and  after  the  unit 
fabrication  has  been  observed  and  good  environmental  test  results 
have  been  obtained. 

Keywords 

pure-silica-core  fiber  ;  dispersion  compensating  fiber  ;  hybrid 
transmission  line  ;  splice  loss  ;  submarine  cable 

1.  Introduction 

For  the  next  generation  long  haul  ultra-large  capacity  Wavelength 
Division  Multiplexed  (WDM)  submarine  transmission  systems, 
optical  transmission  lines  with  low  nonlinearity  and  low 
dispersion  slope  are  indispensable.  Recent  investigation  has 
shown  that  the  hybrid  optical  line  consisting  of  dispersion- 
unshifted  single  mode  fiber  and  dispersion  compensating  fiber 
(DCF)  is  one  of  the  most  promising  candidates  to  fulfill  those 
requirements  [l]-[8].  It  has  already  been  successfully 
demonstrated  that  the  hybrid  optical  transmission  line  enables 
transmission  of  more  than  1  Tbit/s  capacity  over  10,000km  [4]. 

This  paper  describes  design  optimization  and  performances  of 
hybrid  optical  transmission  lines  consisting  of  Aeff  (effective  area) 
enlarged  pure-silica-core-fiber  (PSCF)  [9]  and  design-optimized 
DCF.  Successful  fabrication  of  tight  structure  type  units  for 
submarine  cables  with  and  without  splices  between  PSCF  and 
DCF  is  also  described.  Excellent  performances  have  been 
confirmed. 

2.  Design  and  performances  of  hybrid 
optical  transmission  line 

2.1  Design  of  hybrid  optical  transmission  line 

The  configuration  of  the  hybrid  line  (PureCouple™)  is  illustrated 
in  Fig.  1.  The  first  part  of  the  line  is  A^  enlarged  PSCF  (Z-PLUS 


Fiber™),  which  employs  the  depressed  cladding  structure  in  order 
to  expand  Aeff  while  maintaining  good  bending  characteristics  [9]. 
Table  1  shows  the  typical  characteristics  of  the  PSCF.  Its  Aeff  is  as 
large  as  110pm2,  and  the  nonlinear  coefficient  (n2/Aeff)  [10]  is 
30%  lower  than  that  of  the  conventional  PSCF  (Z  Fiber®). 


50km 

< - > 


Figure  1.  Configuration  of  hybrid  optical 
transmission  line  (PureCouple™) 

Table  1.  Typical  characteristics  of  PSCF 
(Z-PLUS  Fiber™)  (@1550nm) 


Loss  [dB/km] 

0.170 

Dispersion  [ps/nm/km] 

20.4 

Disp.  Slope  [ps/nm2/km] 

0.059 

Aeff[|W] 

110.0 

n2  [  X  10'20m2/W] 

2.8 

As  for  the  DCF,  the  W-type  refractive  index  profile  has  been 
employed.  In  the  design  of  DCF,  the  refractive  index  difference  of 
the  depressed  cladding  A'  is  fixed  to  -0.36%  and,  by  adjusting  the 
core  index  difference  A+  within  a  range  from  1.0%  to  2.0%,  we 
optimize  the  DCF  structure  with  maintaining  macrobending  loss 
of  3dB/m  for  a  diameter  of  20mm. 

In  the  design  optimization  of  the  hybrid  optical  transmission  line 
and  DCF,  we  assume  the  repeater  span  is  50km  and  the  average 
span  dispersion  is  set  to  Ops/nm/km  at  1550nm.  For  nonlinearity 
evaluation,  we  use  the  equivalent  Aeff,  which  is  defined  by  the 
cumulative  phase  shift  due  to  the  self-phase-modulation  under  the 
condition  that  the  signal  power  at  the  output  end  of  the  line  is 
constant.  Figure  2  shows  the  averaged  span  loss  and  Fig.  3  shows 
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the  equivalent  Aeff,  both  of  which  are  calculated  as  a  function  of 
the  DCF  length  ratio  with  varying  the  average  dispersion  slope 
(Save.).  It  has  been  found  that  the  hybrid  optical  transmission  line 
gives  the  minimum  value  of  the  span  loss  when  the  DCF  length 
ratio  is  about  40%,  and  that  the  equivalent  Aeff  is  maximized  when 
the  DCF  length  ratio  is  approximately  30%.  In  addition,  it  has 
been  confirmed  that  there  is  a  tradeoff  relationship  between  the 
average  dispersion  slope  and  the  equivalent  Aeff. 


10  20  30  40  50  60  70 

DCF  length  ratio  [%] 


Figure  2.  DCF  length  ratio  VS. 
averaged  span  loss 


Figure  3.  DCF  length  ratio  VS.  equivalent  Aeff 

2.2  Performances  of  hybrid  optical  transmission 
line 

Based  on  the  design  optimization,  we  have  fabricated  the  hybrid 
optical  transmission  lines  with  the  DCF  length  ratio  of  about  35% 
and  the  average  dispersion  slope  of  0.02  ps/nm2/km  considering 
the  span  averaged  loss  and  nonlinearity.  Table  2  summarizes  the 
typical  values  of  the  characteristics  of  the  PSCFs,  the  DCFs  and 
the  hybrid  lines  with  the  line  length  of  about  50km.  The 
equivalent  A^  is  a  little  smaller  than  the  calculation  results.  This 
is  because  the  span  average  dispersion  is  set  to  -2  ps/nm/km 


(Ops/nm/km  in  the  calculation)  and  design  of  the  fabricated  fibers 
is  slightly  off  the  calculation,  which  results  in  macrobending  loss 
considerably  better  than  predicted.  Figures  4  and  5  show  typical 
attenuation  spectra  of  PSCF,  DCF  and  a  hybrid  line  including 
splice  loss,  which  indicate  no  bending-induced  loss  increase  even 
in  L-band  for  both  fiber  types.  Figure  6  shows  spectral  dispersion 
curves.  It  is  clear  that  the  dispersion  slopes  of  the  hybrid  lines  are 
significantly  smaller  than  that  of  the  conventional  NZ-DSF  (Non- 
Zero  Dispersion  Shifted  Fiber). 


Table  2.  Characteristics  of  hybrid  line  (@1550  nm) 


PSCF 

DCF 

PSCF+DCF 

Dispersion 

[ps/nm/km] 

20.4 

-46.7 

”2.1 

Disp.  Slope 
[ps/nm2/km] 

0.059 

-0.059 

0.020 

Loss  [dB/km] 

0.170 

0.264 

0.205* 

Aeff  [Hm2] 

106.0 

20.4 

60.0** 

Macrobending  loss 
(20(f))  [dB/m] 

0.5 

0.8 

- 

*  :  including  a  splice  loss  between  PSCF  and  DCF 
**  :  equivalent  Aeff 


Wavslength  [nm] 


Figure  4.  Spectral  attenuation  of 
PSCF  and  DCF 


1200  1300  1400  1500  1600  1700 

Wavelength  [nm] 

Figure  5.  Spectral  attenuation  of 
hybrid  line  with  splice 
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1520  1540 


1560  1580  1600 

Wavelength  [nm] 


1620  1640 


Figure  6.  Chromatic  dispersion  of 
hybrid  line  and  NZ-DSF 

2.3  Microbending  loss  characteristics  of  PSCF 
and  DCF 

In  general,  DCFs  exhibit  steep  loss  increase  in  the  long 
wavelength  region.  In  order  to  examine  the  cause  of  the  loss 
increase  in  DCF,  firstly  we  have  measured  the  spectral  attenuation 
difference  between  spooled  and  loosely  coiled  DCFs.  Figure  7 
shows  the  attenuation  spectrum  of  DCF  with  a  winding  diameter 
of  280mm.  In  spite  of  the  same  winding  diameter,  loss  increase  is 
smaller  in  the  loose  coil.  From  this  result,  the  main  cause  of  the 
loss  increase  on  the  bobbin  has  been  believed  to  be  microbending 
loss  caused  by  lateral  pressure  coming  from  the  bobbin  and/or 
adjacent  fibers,  rather  than  macrobending  loss. 


1200  1300  1400  1500  1600  1700 

Wavelength  [nm] 

Figure  7.  Spectral  attenuation  on 
spooled  and  loosely  coiled  DCF 


We  have  examined  the  microbending  loss  behavior  by  winding 
test  for  both  PSCF  and  DCF.  The  loss  increase  is  measured  after 
winding  the  test  fiber  with  a  constant  tension  of  80g  on  a  400mm 


diameter  bobbin  whose  surface  is  covered  with  wiremesh  [11]. 
Figure  8  shows  test  results  for  PSCF  and  DCF.  DCF’s  loss 
increase  is  steeper  than  that  of  PSCF  in  the  long  wavelength 
region  [12].  It  has  been  known  that  microbending  loss  is  closely 
related  to  the  mode  field  diameter  based  on  the  Petermann’s  first 
definition  (MFD1)  [13].  Figure  9  shows  the  MFD1  calculated  for 
PSCF  and  DCF.  The  difference  in  behavior  of  loss  increase 
between  PSCF  and  DCF  may  be  attributed  to  the  difference  in  the 
wavelength  dependence  of  MFD  1. 
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Figure  8.  Microbending  loss  of  PSCF  and  DCF 
measured  by  the  wiremesh  method 


1500  1550  1600  1650  1700  1750 

Wavelength  [nm] 


Figure  9.  Wavelength  dependence 
of  MFD1  for  PSCF  and  DCF 

3.  Characteristics  of  optical  unit  for 
submarine  cable 

3.1  Optical  unit 

We  have  fabricated  optical  units  for  submarine  cables  containing 
the  PSCFs  and  the  DCFs.  Table  3  shows  characteristics  of  the 
fibers  used  in  trial  units.  The  DCFs  exhibiting  different  levels  of 
macrobending  loss  (for  the  bending  diameter  of  20  mm)  have 
been  chosen  to  examine  the  allowable  limit  of  the  macrobending. 
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Table  3.  Characteristics  of  fibers  used  in  trial  unit 
(@1550  nm) 


PSCF1 

PSCF2 

DCF1 

DCF2 

DCF3 

Dispersion 

[ps/nm/km] 

20.7 

20.7 

-44.5 

-52.8 

-69.5 

Disp.  Slope 
[ps/rtm2/km] 

0.059 

0.059 

-0.080 

-0.039 

-0.038 

Loss  [dB/km] 

0.170 

0.170 

0.269 

0.261 

0.371 

MFD  [pm] 

11.6 

11.5 

5.1 

5.4 

5.7 

Aeff  [jum2] 

110.1 

107.7 

19.6 

21.9 

25.5 

Macrobending 
loss  (20(f))  [dB/m] 

0.2 

0.2 

2 

12 

63 

1200  1300  1400  1500  1600  1700 

Wavelength  [nm] 


3.2  Spectral  attenuation 

Figures  10,  11,  12  and  13  show  attenuation  spectra  of  spooled 
fibers  and  optical  unit  for  PSCF1,  DCF1  (typical),  DCF2  (slightly 
bend-sensitive)  and  DCF3  (the  worst).  Optical  unit  lengths  are 
about  3km.  It  has  been  confirmed  that  for  all  PSCFs  no  bending- 
induced  loss  increase  is  observed  up  to  1700  nm.  On  the  other 
hand,  for  all  DCFs  loss  decrease  is  observed  after  the  unit 
fabrication.  So  long  as  macrobending  loss  is  less  than  about 
lOdB/m  (for  20mm  diameter),  it  should  be  possible  to  maintain 
low  attenuation  even  in  L-band. 

The  main  cause  of  the  loss  reduction  in  DCF  during  the  optical 
unit  fabrication  is  believed  to  be  microbend  relaxation. 


1200  1300  1400  1500  1600  1700 


Wavelength  [nm] 


Figure  10.  Spectral  attenuation  for  PSCF1 


1200  1300  1400  1500  1600  1700 
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Figure  12.  Spectral  attenuation  for  DCF2 


1200  1300  1400  1500  1600  1700 

Wavelength  [nm] 

Figure  13.  Spectral  attenuation  for  DCF3 
3.3  Environmental  tests  for  optical  unit 

Figures  14,  15  and  16  show  results  of  the  temperature  cycling  test 
between  -15°C  and  50°C  observed  at  1550nm  for  PSCF1,  DCF1 
and  DCF3.  Table  4  summarizes  the  loss  variation  at  -15°C  and  50 
°C.  These  values  coincide  well  with  the  intrinsic  temperature 
dependent  loss  variation  of  silica  glass,  indicating  that  there  is  no 
additional  loss  variation  caused  by  the  unit  structure. 

Table  4.  Results  of  temperature  cycling  test 


(@1550  nm) 


PSCF1 

[dB/km] 

PSCF2 

[dB/km] 

DCF1 

[dB/km] 

DCF2 

[dB/km] 

DCF3 

[dB/km] 

-15°C 

-0.0015 

-0.0011 

-0.0015 

-0.0024  ! 

-0.0012 

50°C 

+0.0019 

+0.0019 

+0.0026 

+0.0056  ; 

+0.0028 

140 
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0  5  10  15  20  25 


Time  [h.] 


Figure  1 1 .  Spectral  attenuation  for  DCF1 
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Figure  14.  Temperature  characteristic  for  PSCF1 
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Figure  15.  Temperature  characteristic 
for  DCF1 
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Figure  16.  Temperature  characteristic 
for  DCF3 


1200  1300  1400  1500  1600  1700 

Wavelength  [nm] 

Figure  18.  Temperature  dependence 
of  spectrum  attenuation  for  DCF3 

Table  5  shows  results  of  the  hydrostatic  pressure  test  with 
pressure  up  to  20  MPa.  The  length  of  a  test  unit  is  500  m.  Loss 
increase  for  10  MPa  is  less  than  0.002  dB/km,  which  is  as  low  as 
those  of  the  non-zero  DSFs  in  optical  units  of  the  same  type. 


Table  5.  Result  of  hydrostatic  pressure  test 
(@1550nm) 


PSCF1 

[dB/km] 

PSCF2 

[dB/km] 

DCF1 

[dB/km] 

DCF2 

[dB/km] 

DCF3 

[dB/km] 

lOMPa 

0.0006 

0.0010 

0.0000 

0.0000 

0.0004 

20MPa 

0.0022 

0.0013 

0.0000 

0.0002 

0.0008 

Figures  17  and  18  show  attenuation  spectra  measured  at  -20°C 
and  50°C  for  PSCF1  and  DCF3  in  the  unit.  It  has  been  confirmed 
that  no  change  in  spectra  attenuation  is  observed. 


1200  1300  1400  1500  1600  1700 

Wavelength  [nm] 

Figure  17.  Temperature  dependence 
of  spectrum  attenuation  for  PSCF1 


3.4  Splice  loss 

Splice  loss  is  very  important  in  the  hybrid  lines.  It  is  essential  to 
realize  not  only  low  splice  loss,  but  also  high  stability.  Table  6 
shows  characteristics  of  the  fiber  used  in  an  optical  unit 
containing  splice.  This  trial  optical  unit  whose  length  is  2.2  km 
has  been  composed  of  PSCF,  DCF  and  a  splice.  Figure  19  shows 
the  spectral  attenuation  of  the  splice  measured  on  the  bobbin  and 
in  the  optical  unit.  It  has  been  confirmed  that  the  splice  loss 
between  PSCF  and  DCF  is  about  0.2dB  and  exhibit  a  slight 
decrease  from  1530  nm  to  1620  nm  in  both  cases,  indicating  no 
bending-induced  loss.  Furthermore,  any  splice  loss  variation 
during  the  optical  unit  fabrication  has  not  been  observed. 

Figure  20  shows  results  of  the  temperature  cycling  test  for  the 
optical  unit  with  the  splice  between  -20°C  and  50°C  at  1550nm. 
Only  loss  variation  observed  is  the  intrinsic  temperature 
dependent  loss  variation  of  PSCF  and  DCF.  From  this  result,  it 
has  been  confirmed  that  the  loss  variation  at  the  splice  is 
negligible. 
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Loss  variation  [dB/km]  Splice  loss  [dB] 


Table  7  shows  results  of  the  hydrostatic  pressure  test  for  the  500 
m  unit  consisting  of  250  m  PSCF,  250  m  DCF  and  a  splice.  It  can 
be  concluded  that  the  loss  variation  is  sufficiently  small  even  in 
the  optical  unit  containing  the  splice. 

Table  6.  Characteristics  of  fibers  used  in  trial 


optical  unit  with  splice  (@1550nm) 


PSCF3 

DCF4 

Loss  [dB/km] 

0.169 

0.279 

Dispersion  [ps/nm/km] 

20.5 

-47.7 

Disp.  Slope  [ps/nm2/km] 

0.059 

-0.075 

Atff  [|W] 

110.3 

18.8 

Macrobending  loss  (20cf>) 
[dB/m] 

0.2 

0.0 

1450  1500  1550  1600  1650 


Wawlength  [nm] 

Figure  19.  Spectral  splice  loss 
between  PSCF  and  DCF 
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Figure  20.  Results  of  temperature 
cycling  test  of  optical  unit  with  splice 


Table  7.  Results  of  hydrostatic  pressure  test 
(@1550  nm) 


Loss  variation  [dB/km] 

lOMPa 

0.0028 

20MPa 

0.0040 

4.  Conclusions 

We  have  successfully  developed  high  performance  nearly 
dispersion-flattened  hybrid  transmission  lines  consisting  of 
enlarged  pure-silica-core  fiber  and  dispersion  compensating  fiber. 
They  exhibit  the  span  loss  as  low  as  0.205  dB/km,  the  span 
dispersion  slope  of  0.020  ps/nm2/km  and  low  nonlinearity  with  the 
equivalent  effective  area  of  60  pm2. 

We  have  also  successfully  fabricated  tight  structure  type  optical 
units  using  the  fibers  which  compose  the  hybrid  optical  transmission 
line.  It  has  been  confirmed  that  the  transmission  loss  decreases  in 
the  long  wavelength  region  by  microbend  relaxation.  Through 
environmental  tests,  it  has  also  been  confirmed  that  loss  variations  in 
both  fiber  types  are  as  low  as  those  in  the  conventional  fibers  in  the 
units  of  the  same  type. 

Furthermore,  we  have  fabricated  an  optical  unit  with  splice  between 
the  Agff  enlarged  pure-silica-core  fiber  and  the  dispersion 
compensating  fiber.  Splice  loss  is  as  low  as  0.2  dB  at  1550nm  and 
exhibits  no  bending-induced  additional  loss  in  L-band.  It  has  been 
found  that  no  loss  variation  is  observed  before  and  after  the  optical 
unit  fabrication,  and  that  through  environmental  tests  splice  loss 
variation  on  splice  is  negligible. 
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Abstract 

In  assessing  the  quality  of  a  fiber  optic  ribbon  prior  to  full- 
scale  manufacturing,  the  ribbon  is  subjected  to  a  twist  test. 
The  purpose  of  the  test  is  to  ensure  that  ribbons  will  not  fail 
under  twisting  conditions  that  exist  in  cabling  or  handling 
operations.  In  this  paper,  we  will  outline  the  requirements 
and  the  possibilities  for  using  the  ribbon  twist  test  equipped 
with  sensors.  For  this  study,  we  demonstrate  the  viability  of 
twist  loading  using  the  RDS-II  rheometer.  The  RDS  has  the 
advantage  of  being  equipped  with  sensitive  sensors.  The 
purpose  of  this  investigation  was  to  determine  the  potential  of 
using  twist  data  (torque  versus  twist  angle  collected  by 
sensors)  in  characterizing  ribbon  quality.  In  this  paper,  we 
present  some  early  experimental  results  on  the  twist  response 
of  fiber  optic  ribbons. 

Keywords 

Twist,  Optical  Fiber,  Ribbon,  Torque,  Composite 

1.  Introduction 

First,  we  begin  with  a  brief  description  of  the  ribbon  twist  test 
setup.  Next,  we  describe  the  experimental  setup  with  the 
RDS.  In  the  results  section,  we  display  plots  of  torque  versus 
angle  of  twist  for  various  ribbon  samples.  Coupling  the 
results  with  some  observations,  we  identify  characteristics  of 
the  torque  versus  angle  of  twist  curve,  measure  mechanical 
properties  of  the  ribbon,  and  discuss  possible  failure  modes. 

2.  Ribbon  Twist  Test 

A  schematic  of  the  ribbon  twist  tester  is  shown  in  Figure  1. 
The  purpose  of  the  ribbon  twist  test  is  to  twist  a  short  sample 
of  ribbon  until  catastrophic  failure  is  observed.  This  test  is  a 
variation  of  a  twist  test  meant  to  measure  resistance  to  twist 
[1].  The  bottom  clamp  imposes  a  rotation  along  the 
longitudinal  axis  of  the  ribbon.  The  upper  end  constrains  the 
ribbon  against  rotations  about  the  longitudinal  axis  but  allows 
for  longitudinal  extension  (or  shortening).  A  dead  weight 
places  the  ribbon  under  tension  during  the  twist  test.  An 
earlier  version  of  this  test  set-up  contained  no  sensors  and 
relied  on  the  visual  identification  of  the  onset  of  catastrophic 
failure  of  the  ribbon.  Once  failure  was  observed,  the  test 
operator  stopped  the  test.  The  number  of  turns  to  failure  was 
then  recorded  as  a  measure  of  ribbon  quality. 


Since  this  was  an  offline  test,  during  the  initial  startup  of  a 
ribbon  manufacturing  line,  a  sample  was  subjected  to  the 
ribbon  twist  test.  If  its  output  -  number  of  turns  to  failure  - 
was  below  a  certain  value,  the  process  components  were 
examined  to  identify  and  correct  the  culprit. 

However,  an  understanding  of  the  complex  mechanics  of 
failure  point  to  the  fact  that  the  ribbon  twist  tester  was  not  a 
very  reliable  tool  for  ribbon  quality  checks.  We  found  that 
the  deficiency  of  the  old  setup  was  due  to  two  factors:  (i)  The 
ribbon  twist  test  set-up  .relied  on  visual  detection  of  failure  by 
the  test  operator  and  (ii)  that  catastrophic  failure  was  the 
criteria.  We  will  expound  on  both  these  points  in  later 
sections. 


w 

i 


Ribbon 


Figure  1  Schematic  of  Ribbon  twist  tester 
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3.  RDS  Setup 

The  set-up  of  the  RDS-II  rheometer  is  shown  in  Figure  2. 
The  RDS  is  an  instrument  whose  primary  function  is  to 
determine  rheological  properties  of  materials.  However,  we 
have  chosen  this  instrument  because  it  can  twist  a  sample  at 
specified  rates  while  recording  parameters  such  as  torque  (g- 
cm)  and  angle  of  twist  (degrees).  The  RDS  did  have  a 
limitation  on  sample  size.  We  had  to  test  lengths  much 
smaller  than  the  nominal  length  for  the  ribbon  twist  tester. 
For  our  tests,  ribbon  sample  lengths  were  approximately  49 
mm.  The  ribbon  was  cut  and  placed  into  special  clamps. 
These  clamps,  in  turn,  were  placed  into  inserts.  For  the  top 
position,  the  clamp  was  allowed  to  slide  against  the  insert. 
The  boundary  conditions  were  such  that  the  bottom  was 
constrained  to  a  specific  rotation  rate  while  the  top  was 
constrained  from  rotation  but  free  to  translate  along  the  axis 
of  the  ribbon.  We  chose  a  rotation  rate  of  0.06  rad/s,  slower 
than  the  typical  ribbon  twist  tester  (2  rad/s).  All  samples  were 
subjected  to  at  least  one  full  rotation.  Beyond  a  twist  angle  of 
400  degrees,  ribbons  (both  12  and  24  fiber)  would 
completely  slip  out  of  the  top  holder.  Also,  with  the  RDS,  no 
axial  load  could  be  applied  to  the  ribbon  except  for  the  dead 
weight  of  the  ribbon  and  the  top  clamp. 

4.  Results 

For  our  samples,  we  chose  both  12-fiber  and  24-fiber  ribbons. 
However,  most  of  our  results  were  collected  from  24-fiber 
ribbon  samples  since  the  structural  response  and  data  were 
more  informative.  The  12-fiber  ribbon  is  likely  to  exhibit  the 
same  qualitative  behavior  at  higher  angles  of  twist.  For  the 
24-fiber  ribbon,  we  tested  samples  produced  under  two 
different  processing  conditions  and  then  chose  one  condition 
where  we  purposely  instigated  a  defect.  The  nominal 
dimensions  of  the  ribbons  were  0.3  mm  x  3.0  mm  for  the  12- 
fiber  ribbon  and  0.3  mm  x  6.1  mm  for  the  24-fiber  ribbon. 

4.1  24-Fiber  Ribbons 

Figure  3  shows  the  results  of  torque  and  angle  of  twist  for 
four,  24-fiber  ribbon  samples  manufactured  under  condition 
1. 

An  examination  of  the  data  in  more  detail  reveals  that  the 
early  portion  of  the  plot  is  linear  but  only  for  very  small 
angles  (approximately  5  degrees).  After  this  relatively  short 
linear  section,  the  curve  begins  to  slope  upward  in  a  nonlinear 
fashion.  At  about  an  angle  of  twist  of  80-95  degrees,  a  slight 
hump  in  the  curve  is  obvious.  This  hump  is  identified  as  a 
bifurcation  point,  a  point  of  structural  instability.  Visually, 
the  ribbon  appeared  to  buckle  slightly  along  the  length 
(Figure  4)  at  the  same  time  as  this  hump  appeared  in  the  data 
set.  For  a  unidirectional  composite  (ribbon)  subjected  to 
torque,  both  tensile  and  compressive  stresses  develop  with 
increasing  rotation  [2].  This  buckle  could  be  a  result  of 
compressive  stresses  that  develop  within  the  central  portion  of 
the  ribbon.  The  buckle  is  not  an  indication  of  material  or 
interface  failure  but  can  be  a  good 


Figure  2  Photograph  of  an  untwisted  ribbon 
sample  in  the  RDS-II  rheometer 


guidepost  to  small  structural  defects  that  affect  ribbon 
stiffness. 

Subsequent  to  the  hump,  which  we  call  the  post-buckled 
region  (100  -  280  degrees),  the  slope  rises  monotonically  and 
steadily  but  is  less  than  the  pre-buckled  slope.  However,  the 
post-buckled  slopes  show  greater  variation  now.  This  may 
point  to  the  quality  differences  associated  with  condition  1 
ribbons.  One  possible  difference  was  the  variation  in 
planarity. 

The  next  noted  occurrence,  in  the  post-buckled  region,  was 
small  undulations  in  the  data.  Sometimes,  these  undulations 
were  accompanied  by  acoustic  events,  audible  cracking 
noises.  Since  the  testing  environment  was  relatively  noisy, 
some  acoustic  events  were  probably  undetected.  We  believe 
that  the  undulations  are  signatures  of  debondings  occurring 
between  the  colored  fiber  and  the  matrix  as  revealed  by  post¬ 
mortem  visual  examination  of  the  ribbon  samples.  The 
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undulations  have  variability  in  magnitude  and  location  but  all 
occur  after  200  degrees  of  twist.  The  variability  of  these 
markers  may  point  to  the  effect  of  processing  and  material 
variability.  The  debondings  are  a  primary  measure  of 
interface  strength  but  are  likely  to  have  random  distributions 
as  they  are  sensitive  to  imperfections  and  stress  risers  (such  as 
local  cure,  planarity,  voids  in  matrix,  etc.). 

For  an  angle  of  twist  greater  than  300  degrees,  the  response 
variations  are  even  more  marked.  We  believe  that  at  this 
stage,  both  process  variability  and  imperfections  in  test  setup 
and  boundary  conditions1  are  intermingled.  For  instance,  one 
sample  remained  in  its  original  configuration  while  another 
sample  experienced  a  secondary  instability  and  took  a  very 
complex  three-dimensional  shape  (Figure  5). 

For  all  samples  shown  in  the  plot,  the  test  can  be  considered 
nondestructive.  Despite  the  appearance  of  debondings,  the 
structural  integrity  of  the  fibers  within  the  matrix  was 
maintained.  Repeatability  of  the  twist  test  for  angles  of  twist 
less  than  100  degrees  was  examined  and  found  to  be 
acceptable.  No  data  on  unloading  or  creep  effects  was 
collected. 


24  Fiber  Ribbon  under  Condition  1 


0  50  100  150  200  250  300  350  400 

Angle  of  Twist,  Degrees 


Figure  3  Torque  versus  angle  of  twist  for  24- 
fiber  ribbons  manufactured  under  condition  1 


For  instance,  stick-slip  between  clamp  and  insert  could  affect 
results. 


Figure  4  Photograph  of  twisted  sample  in 
the  early  post-buckled  region 


For  the  samples  manufactured  under  condition  2,  Figure  6 
shows  the  data  of  torque  and  angle  of  twist.  Again,  the  same 
general  features  are  prominent:  a  short  linear  section 
followed  by  an  upward  sloping  section  that  culminates  in  a 
gentle  hump  (80-100  degrees).  Once  more,  the  data  for  the 
post-buckled  portion  rises  monotonically  and  steadily.  A 
comparison  of  the  slopes  for  both  conditions  1  and  2  samples 
shows  that  the  initial  linear  slope  gradually  increases  until  a 
buckle  appears.  After  the  buckle,  the  slope  is  steady  but 
higher  than  that  of  the  initial  linear  portion.  There  is  one 
noticeable  difference  between  conditions  1  and  2  samples2. 
For  condition  2  samples,  the  post-buckled  curves  match  well 
for  a  large  angular  range  (up  to  260  degrees).  This  may  point 
to  the  improved  uniformity  of  the  ribbon  under  condition  2 
processing  parameters.  However,  for  condition  2  samples, 
undulations  were  found  to  occur  slightly  below  200  degrees 
in  3  out  of  4  samples. 


2 

Numerical  results  of  error  analysis  of  data  are  omitted. 
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Figure  5  Photograph  of  twisted  ribbon 
sample  during  secondary  instability 


24  Fiber  Ribbons  under  condition  2 


Angle  of  Twist,  Degrees 


Figure  6  Torque  versus  angle  of  twist  for  24- 
fiber  ribbons  manufactured  under  condition  2 


Figure  7  Photograph  of  defective  24-fiber 
ribbon 

Figure  8  shows  data  for  the  defective  ribbons.  The  nature  of 
the  defect  is  shown  in  Figure  7.  This  particular  defect 
consists  of  an  asymmetric  deficiency  of  matrix  localized 
between  two  fibers  (2nd  green  and  2nd  brown).  Looking  at  the 
torque  versus  angle  of  twist  data,  the  one  obvious  difference 
is  the  nature  of  the  initial  buckle.  The  instability  occurs  over 
a  wider  range,  80*1 10  degrees,  and  instead  of  a  smooth  hump, 
it  appears  as  a  short  but  sharp  drop  (Figure  9).  The  change  in 
the  nature  of  the  instability  can  be  attributed  to  the  defect. 
The  defect  can  affect  the  stiffness  of  the  structure  while  also 
creating  an  asymmetry  or  imperfection  that  leads  to  such  a 
drop.  Of  course,  the  nature  of  the  drop  will  depend  upon  the 
location  and  size  of  this  particular  defect.  For  the  defective 
ribbons,  3  out  of  4  samples  split  (along  the  entire  length  of 
the  sample)  during  the  test  at  the  location  of  the  defect. 
Though  for  one  sample,  the  split  occurred  at  a  twist  angle  of 
200  degrees  while  in  another  sample,  it  split  at  a  twist  angle 
of  approximately  300  degrees.  In  one  instance,  the  green 
fiber  was  clearly  separated.  And  for  another  sample,  it  split 
during  removal  from  the  clamps.  It  is  likely  that  this  sample 
had  a  split,  which  had  not  traversed  the  entire  length  of  the 
ribbon. 


Defective  24  Fiber  Ribbons 


Angle  of  Twist,  Degrees 


Figure  8  Torque  versus  angle  of  twist  for 
defective  24-fiber  ribbons  manufactured  under 
condition  2 


Similar  to  the  undefective  condition  2  samples,  the  post- 
buckled  curves  match  quite  well  in  the  range  of  100-200 
degrees  of  twist. 
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Finally,  all  curves  appear  to  reach  a  maximum  torque  value 
before  the  end  of  one  full  rotation.  However,  at  this  point, 
the  variability  in  the  maximum  torque  value  and  twist  angle 
masks  any  attempts  to  use  it  as  an  indicator  of  ribbon  quality. 

4.2  12-Fiber  Ribbon 

Figure  10  shows  the  twist  data  for  the  12-fiber  ribbons.  The 
equivalent  point  of  instability,  or  buckling,  was  determined  to 
occur  around  320  degrees.  Examination  of  samples  after 
removal  revealed  no  debondings.  Condition  1  sample 
reached  a  maximum  torque  around  420  degrees  and  then 
proceeded  to  decrease.  During  this  decrease,  the  sample  was 
experiencing  significant  shortening  due  to  a  very  complex 
three-dimensional  distortion  similar  to  Figure  5.  We  would 
expect  that  if  sufficiently  large  rotations  could  be  imposed 
without  boundary  problems,  that  the  qualitative  nature  of  the 
torque  versus  angle  of  twist  plot  would  match,  in  general,  that 
of  the  24-fiber  ribbon. 


Region  of  Structural  Instability 


Angle  of  Twist,  Degrees 


Figure  9  Zoom  of  torque  versus  angle  of  twist 
data  in  the  buckling  region 

4.3  Material  Properties 

In  this  section,  we  calculate  certain  mechanical  properties  of 
the  ribbon  from  the  torque  versus  angle  of  twist  data. 
Specifically,  we  calculated  the  inplane  shear  modulus  and  the 
longitudinal  Young’s  modulus  of  the  ribbon.  To  obtain  the 
ribbon  shear  modulus,  we  employed  the  following  relation 

[3] 

1  3  1  53 

T  =  —be  GO  + - EbcQ 6  (1) 

3  360 

where  T  is  the  applied  torque,  G  is  the  ribbon  shear  modulus, 
b  is  the  width  of  the  ribbon,  c  is  the  thickness  of  the  ribbon,  E 
is  ribbon  longitudinal  tensile  modulus,  and  6  is  the  angle  of 
twist  per  unit  length.  To  calculate  the  shear  modulus  from  the 
twist  data,  we  take  the  first  term  on  the  right  hand  side  of  the 
equation  and  curve  fit  the  linear  portion  of  the  data  set.  This 
term  provides  only  a  first  order  approximation  to  the  shear 
modulus  ([4], [5]).  Using  a  least-squares  fit  of  the  data  in  a 
range  of  0-6  degrees  of  twist  [6],  we  calculated  a  shear 
modulus  of  4.5  x  109  dynes/cm2  for  24-fiber  ribbon  condition 
1  sample,  5  x  109  dynes/cm2  for  24-fiber  ribbon  condition  2 


sample,  and  4.4  x  109  dynes/cm2  for  12-fiber  ribbon  condition 
1  sample.  There  was  some  difficulty  in  obtaining  accurate 
curve  fits  for  the  defective  ribbon  samples.  The  shear  moduli 
for  the  defective  ribbons  ranged  from  2  to  8  x  1 09  dynes/cm2. 
As  a  point  of  comparison,  an  oscillatory  test  was  used  to 
determine  the  shear  modulus  of  24-fiber  ribbon.  The  test 
predicted  a  ribbon  shear  modulus  value  of  1010  dynes/cm2  for 
a  condition  2  sample  without  a  defect  and  a  ribbon  shear 
modulus  value  of  5  x  109  dynes/cm2  for  a  condition  2  sample 
with  a  defect. 

Looking  at  Equation  (1),  we  see  that  the  contribution  from  the 
ribbon  longitudinal  modulus  term  grows  at  a  fast  rate  as  the 
angle  of  twist  increases.  This  modulus  includes  the  influence 
of  the  fibers,  matrix,  and  coatings  (contribution  dependent 
upon  volume  fraction).  Of  these  components,  the  modulus  of 
the  fiber  is  significantly  higher  and  so  its  contribution  to  the 
overall  longitudinal  modulus  of  the  ribbon  is  most  important. 
So  any  decrease  or  increase  in  the  volume  fraction  of  the 
optical  fiber  will  have  an  influence  on  the  twist  strength  of  the 
ribbon.  Curve  fitting  of  the  data  to  obtain  ribbon  longitudinal 
modulus  values  was  perfonned  but  that  data  is  not  presented 
here. 


Figure  10  Torque  versus  angle  of  twist  for  12- 
fiber  ribbons  manufactured  under  condition  1 


5.  Debondings 

Examination  of  samples  upon  removal  revealed  debonding 
sites.  For  the  jog  samples,  the  area  of  debondings  appeared  to 
be  larger  than  the  samples  for  the  line  speed.  However,  since 
the  number  of  samples  were  small  and  the  technique  to 
evaluate  the  debonding  area  rather  crude,  a  microscopic 
evaluation  of  debonding  areas  may  provide  a  more 
meaningful  measure  of  interface  strength  between  the  colored 
fiber  and  matrix.  These  debondings  are  believed  to  be  a  result 
of  the  shear  stresses  or  normal  radial  stresses  that  develop 
along  the  interface. 

6.  Discussion 

From  the  twist  data  for  24-fiber  ribbon,  some  common 
characteristics  have  been  discerned:  short  linear  portion 
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followed  by  an  upward  sloping  nonlinear  section  that 
culminates  in  an  instability. 

After  the  instability  point,  identified  as  a  buckling  mode,  the 
torque  increases  monotonically  and  steadily  with  angle  of 
twist.  In  this  post-buckled  region,  the  behavior  begins  to 
diverge  amongst  the  various  ribbon  samples  as  the  angle  of 
twist  approaches  a  full  turn.  In  the  post-buckled  region,  small 
variations  in  the  curve  have  been  attributed  to  debondings  at 
the  matrix/colored  fiber  interface.  Sudden  large  changes  in 
the  torque  values  at  the  higher  angles  of  twist  are  indicative  of 
more  complex  three-dimensional  responses. 

In  studying  the  twist  data,  there  is  some  confidence  that  such 
data  can  provide  insightful,  if  not  quantitative,  information 
about  the  quality  of  a  ribbon.  For  instance,  the  existence  of  a 
defect  was  apparent  in  the  signature  of  the  instability  point. 
Also,  only  defective  ribbon  samples  were  split.  The 
difference  in  ribbon  quality  between  the  two  different 
processing  conditions  was  apparent  in  the  variation  of  the 
post-buckled  curves.  Of  course,  to  increase  confidence  in 
such  a  test,  a  database  of  responses  of  typical  and  defective 
ribbons  must  be  compiled. 

Looking  forward,  these  results  point  to  the  possibility  of 
developing  a  non-destructive  ribbon  twist  test,  one  that  would 
detect  or  fail  only  defective  ribbons.  With  a  nondestructive 
test,  the  possibility  of  its  presence  on  the  line,  evaluating 
ribbon  as  it  is  being  manufactured,  is  more  likely.  Also,  such 
a  test  may  be  able  to  distinguish  between  various  grades  of 
quality. 
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Abstract 

Experiments  presented  here  on  commercial  fibers  during  5  years 
accelerated  aging  have  shown  that,  depending  on  environment, 
vendor,  and  external  conditions,  the  estimated  lifetime  of  regular 
G.652  fiber  may  be  considerably  less  than  the  usual  expectations 
on  fiber  cable.  Environmental  influence  may  cause  excessive 
transmission  losses  and  also  makes  the  fibers  increasingly 
vulnerable  to  mechanical  stress  with  time. 

The  operative  lifetime  of  terrestrial  cable  expectedly  will  include 
temporary  events  as  rearrangement  and  splicing,  when 
discoloring,  embrittlement  and  coating  delamination  affects  the 
handling  of  aged  fiber.  Such  events  will  cause  the  end  of  life  of 
severely  aged  fiber. 

The  estimation  here  of  operative  lifetime  in  case  of  aging  requires 
an  approach  different  to  the  classic  usage  of  n-values  applied  on 
stress  cracking.  A  method  suitable  for  calculating  the  operative 
lifetime  of  aged  fiber  was  thus  elaborated.  A  physical  foundation 
of  underlying  mechanisms  of  degradation  was  also  sought  for  by 
AFM  studies. 

Keywords 

Optical  fiber;  G.652;  lifetime;  aging;  strength;  ribbon;  delamination; 
discoloring. 

1.  Introduction 

Today,  a  million  miles  of  fibers  is  in  service  at  Telia  in  Sweden. 
The  steadily  increasing  amount  of  fiber,  and  the  variations  in 
environmental  resistance  of  fibers  housed  by  the  same  G.652 
family,  some  years  ago  motivated  a  long-term  study  of  aging  [1], 
which  now  has  concluded  with  the  prediction  of  in-field  lifetime 
of  the  fibers. 

The  estimation  of  threats  due  to  aging  required  an  approach 
different  to  the  classic  usage  of  so  called  n-  and  B-values  applied 
on  stress  corrosion  [2,  3].  A  method  suitable  for  estimating  the 
operative  lifetime  of  aged  fiber  was  thus  elaborated.  The  method 
is  based  on  two-point  bending  of  aged  fibers,  extrapolation  of 
Weibull-  and  Arrhenius  data  to  the  relevant  fiber  lengths  and 
temperature,  and  the  mechanical  stresses  involved  in  the  in-field 
conditions  for  a  number  of  cases. 

Some  results  from  the  aging  studies  such  as  strength  degradation 
will  be  presented  here,  along  with  AFM  studies  on  underlying 
mechanisms  of  degradation,  and  briefly  commented.  Finally, 
based  on  the  test  data  from  5  years  of  aging,  the  operative 
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lifetimes  of  the  tested  commercial  fibers  will  be  shown,  calculated 
for  cases  of  water-immersion  at  10  °C. 

2.  Trends  During  Aging 

2.1  Findings  in  Brief 

An  exhaustive  embrittlement  of  commercial  optical  fibers  soaked 
in  water  was  found  at  80°C,  but  also  at  ambient  temperature, 
23  °C,  a  significant  reduction  of  strength  was  observed  after  five 
years  of  aging.  Aging  of  fiber  in  pure  gel,  and  of  gel-coated  fiber 
in  water  lead  to  a  somewhat  complex  behavior,  although  gel  has  a 
protective  influence,  in  general.  Filling  gel  also  increases  the  n- 
value,  which  is  advantageous  for  stressed  fibers.  Generally,  the 
fibers  tested  should  perform  well  during  a  long  period,  but  water 
ingress  and  high  temperature  may  drastically  shorten  their 
operative  life. 

Severe  problems  may  arise  from  aged  fiber.  Some  of  these  are 
triggered  by  handling,  e.g  during  the  repair  of  water  soaked 
cables.  This  procedure  demands  convenient  stripping  and  splicing 
of  fibers.  Changes  in  fiber  strength,  strippability  or  color 
identification  may  aggravate  or  interrupt  the  work.  Other 
problems  stem  from  permanent  stress  causing  intrinsic  failures, 
e.g  due  to  fiber  excess  in  a  ribbon.  Finally,  well-known  problems 
are  transmission  losses  originating  from  the  swelling  and 
delamination  of  coating. 

The  calculations  made  here  indicate  that  mechanically  related 
problems  from  aging  may  arise  after  quite  a  short  period,  just  a 
few  years  in  water. 

2.2  Degradation  of  fiber 

The  degradation  of  5  fibers  from  different  vendors  has  been 
measured  in  varying  environments  during  a  5 -year  period.  On  the 
following  pages  is  shown  the  strength  of  aged  fibers  from  the 
vendors  A,  B  and  C.  Their  n-values  will  also  be  briefly 
commented,  although  graphs  are  not  presented. 

Data  are  median  values  of  strength  from  two-point  bending  at 
23°C  50%  RH  after  aging  in  three  environments:  water,  gel,  and 
gel-coated  fiber  in  water,  at  two  temperatures:  23°C  and  80°C. 
The  time-axis  is  logarithmic,  given  as  the  number  of  weeks  of 
aging.  The  strength  is  given  for  a  strain  rate  of  30  %  per  minute, 
and  was  measured  after  one  week  of  reconditioning  at  23 °C  50% 
RH.  Strength  of  the  4-fiber  ribbon  is  calculated  per  strand,  i.e.  that 
of  glass.  More  details  can  be  found  in  Ref  [1  ]. 
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2.2.1  Strength 

During  the  last  years  of  aging,  there  has  been  an  obvious  tendency 
of  decrease  of  strength  of  all  the  tested  fibers,  from  all  the 
vendors.  All  fibers  (strands,  and  ribbon)  being  immersed  in  water, 
with  clean  surface  or  covered  with  a  layer  of  gel,  have  lost  at  least 
a  portion  of  their  strength  after  5  years  of  aging,  Figures  1-  6. 


Figure  1 


1  10  100  1000 
weeks  fiber  B  23C 


has  to  assume  that  handling  of  the  fiber  in  field  will  be  adversely 
affected  after  sufficient  time  in  water. 

Aging  of  fibers  in  pure  gel  causes  irregular  changes  of  strength 
with  time.  The  strength  is  preserved  under  considerable  time  of 
aging,  though.  See  Figure  2  for  fiber  B  at  80  °C.  It  is  a  well- 


1  10  100  1000 
weeks 


Figure  1.  Fiber  B  23°C 


Figure  3 


weeks 

Figure  3.  A-ribbon  23°C 

Some  of  them  have  been  severely  embrittled  since  the  start  of 
testing.  This  is  the  case  both  at  23  °C  and  at  80  °C.  Data  bears  no 
evidence  of  any  permanent  level  of  strength  to  be  reached  after 
long  time  of  aging  in  water,  but  very  low  strengths  have  been 
reached,  out  of  handleability  in  bending  tests.  Conservatively,  one 


Figure  2.  Fiber  B  80°C 


Figure  4 


1  10  100  1000 
weeks 


Figure  4-  A-ribbon  80°C 

known  fact  that  the  strength  can  increase  markedly  after  a  short 
period  in  gel.  Keller  reports  on  a  10  %  increase  after  4  weeks  in 
gel  at  85°C  [4].  A  longer  period  of  observation  shows  that  the 
change  in  gel  may  not  be  permanent,  however.  An  example  is  C- 
ribbon,  which  continually  degrades  in  gel  at  23  °C  (Figure  5).  To 
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various  extents,  the  very  last  samples  taken  of  the  fibers  all  show  a 
tendency  to  weaken  even  in  gel. 

Gel  will  keep  the  strength  essentially  constant  with  time  for  the  A- 
fiber,  while  the  initial  increase  is  significant  in  Vendor  C  fibers  in 
gel.  The  reason  might  be  sought  in  the  used  gel  formulas:  their 
abilities  of  glass  reactions,  buffering,  pH-value  etc.,  or  of  the 
coating:  absorption  of  gel  components,  swelling  or  dissolution. 
The  gels  were  specific  for  each  vendor,  and  the  physical 
mechanism  behind  strength  increase  can  not  be  easily  derived. 
Certain  observations  bound  to  the  vendor  will  follow  below. 

Vendor  A  fiber.  All  environments,  also  pure  gel  causes  a  strength 
decrease  of  15%  or  more,  at  156  weeks.  The  worst  decrease  at  that 
time  was  found  in  water  at  80  °C,  in  ribbon  which  was  embrittled 
by  a  factor  of  5.  After  260  weeks  in  this  environment,  the  fiber 
could  not  even  be  handled  in  a  bending  test.  See  Figure  4.  Also 
water  at  ambient  temperature  degraded  the  fiber,  but  after 
considerably  longer  time,  Figure  3.  A  drastic  decrease  of  strength 
thus  occurs  after  about  30  -  100  weeks  in  water,  depending  on  the 
temperature.  The  fiber  strands  appear  to  have  resisted  aging  better 
than  the  ribbon  did,  in  all  environments.  Even  a  small  increase 
from  a  minimum  of  2.5  GPa  was  noted  from  the  final  years’  of 
aging.  (No  graphs) 

Vendor  B  fiber  in  water  at  80  °C  shows  a  significant  minimum  of 
strength  at  50  weeks,  about  3  GPa,  thereafter  it  increases  to  about 

4.2  GPa  at  156  weeks,  followed  by  a  new  minimum  of  2.5  GPa  at 
260  weeks.  Figure  2.  The  occasional  increase  of  strength  may  be 
caused  by  a  change  of  geometry  of  growing  notches  during 
corrosion  of  the  fiber  glass.  Visually,  the  smoothest  surface  of 
glass  was  also  observed  to  occur  at  156  weeks,  by  AFM 
measurements  on  fiber  aged  during  16,  52,  156  and  256  weeks, 
respectively. 

Vendor  C  fiber.  A  tendency  for  C-fiber  (and  for  A-fiber)  is  that 
the  strength  after  aging  in  gel  is  lower  for  ribbon  than  for  strands. 
However,  the  strength  of  C-fibers  at  80  °C  is  markedly  higher  in 
pure  gel  than  in  water,  or  as  gel  coated  in  water.  Figure  6. 

2.2.2  n-vafues 

This  parameter  (stress  corrosions  susceptibility  parameter,  n) 
indicates  the  fiber’s  resistance  to  fatigue,  and  the  n-value  should 
be  high.  Generally  was  found  that  the  value  increases  with  the 
time  of  aging,  especially  in  gel  combined  with  water.  The 
observed  effects  of  aging  on  n  can  not  be  presented  here  in  detail, 
but  will  be  briefly  summarized  by  the  conclusion:  filling  gel 
increases  the  value  of  «,  and  preserves  or  increases  the  fiber 
strength. 

The  latter  effect  may  be  due  to  an  improved  n-value  as  well  as  to  a 
reduced  corrosion.  Also  water  alone  increases  the  n-value,  but 
essentially  in  fibers  of  significantly  reduced  strength,  which 
models  for  stress-induced  crack  propagation  can  explain.  A 
reduced  strength  is  found  conjunct  with  increasing  value  of  n 
found  after  sufficient  time  of  aging. 


1  10  100  1000 
weeks 


Figure  5.  C-ribbon  23°C 


1  10  100  1000 
weeks 

Figure  6.  C-ribbon  80°C 

2.3  Coating  Influences 

2.3. 1  General 

The  ribbonizing  of  strands  appears  to  little  influence  the  aging  of 
the  tested  fibers.  Generally,  the  strength  is  lower  for  ribbon  than 
for  strands  in  filling  gel.  This  effect  may  be  a  bending  test  artifact 
caused  by  the  swelling  of  coating,  which  could  not  be  measured 
by  direct  means.  In  the  presence  of  water  the  strength  of  Vendor 
C-ribbon  (only)  was  higher  than  for  the  strand.  Although  the 
interpretation  of  effects  may  vary,  figures  and  measurements 
indicated  dimensional  changes  in  all  the  environments,  which 
continued  throughout  the  period  of  aging. 
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The  curing  of  coatings  (primary  layers  and  ribbon)  influences  the 
aging  resistance  [5].  The  irradiation  dose  must  be  carefully 
adjusted.  A  100  %  cure  is  not  striven  for,  since  e.g  strippability  is 
adversely  affected,  and  too  little  UV  leads  to  sticky  fibers  which 
degrade  faster.  The  chemical  degradation  of  polyurethane  acrylate 
has  been  described  by  e.g  Per- Anders  Hogstrom  [6].  The  exact 
degree  of  cure  of  the  tested  fibers  was  not  known,  and  may  have 
varied  between  strands  and  fiber  ribbon. 


2.3.2  Delamination 

Splicing  and  termination  of  delaminated  fibers  may  end  in  a 
catastrophe.  If  the  coating  tends  to  slip  on  the  glass  it  may  be 
easily  peeled  off,  leaving  large  portions  of  the  fiber  naked.  Such  a 
fiber  can  be  handled,  in  principle,  but  it  must  be  immediately 
protected  which  is  out  of  reach  using  conventional  tools. 
The  adhesion  of  coating  to  the  glass  may  be  tailored  to  the 
application  by  a  chemical  primer.  A  firm  adhesion  must  be 
weighed  against  the  ability  to  mechanically  strip  the  fiber,  not 
leaving  residuals  on  the  glass.  The  ribbon  must  also  be  possible  to 
cleave  into  strands. 

During  1996  some  measurements  at  Telia  had  shown  that  water 
ingress  lead  to  changes  in  attenuation  after  only  one  day  in  this 
environment,  water  and  80  °C.  Further  studies  of  the  attenuation 
of  Vendor  A  and  -C  ribbons  showed  a  gradual  change,  up  to  a 
hundred  hours.  Thereafter  the  attenuation  was  fairly  constant, 
about  1.25  -  2.0  dB  per  km,  until  the  experiment  was  interrupted 
after  2,000  hours  of  soaking. 

Delamination  of  fiber  coating  and  ribbon  was  later  found  to  be  the 
reason  for  transmission  losses,  originating  from  microbending. 
Observations  showed  that  A-ribbon  would  swell  after  4  weeks  of 
soaking  in  water  at  80  °C  during  which  the  thickness  can  vary 
between  0.4  and  0.6  mm.  Microscopy  of  the  cross  section  of  a 
ribbon  showed  that  glass  fibers  were  misaligned,  leading  to  bends 
along  the  fiber.  Similar  observations  were  made  for  Vendor  C- 
ribbon,  after  16  weeks  of  soaking. 

2.3.3  Discoloring 

The  color  of  coating  must  be  preserved  as  it  is  essential  for  the 
identification  of  fibers  during  cable  repair  and  termination.  Due  to 
the  small  dimensions,  a  slight  discoloring  may  aggravate 
identification.  The  problem  has  been  treated  in  literature  [7]. 
A  standard  test  would  simplify  comparisons,  here  the  grade  of 
discoloring  is  determined  subjectively  in  Table  1. 

Only  the  highest  temperature,  80  °C  affected  discemibility,  of 
Fiber  B  and  Vendor  C  fibers.  For  technical  reasons  Vendor  A 
fibers  may  not  be  show  in  Table  1 .  On  C-ribbon  the  color  of  the 
fiber  strand  began  to  change  in  gel  at  104  weeks,  water  caused  a 


slight  change  after  16  weeks,  while  gel  coated  fiber  in  water 
("Mix"  in  Table  1)  changed  after  33  weeks. 

A  similar,  but  delayed  dependence  of  environment  was  observed 
on  fiber  ribbon.  Rating  of  the  discemibility  is  from  0  (original 
appearance)  to  5  (severely  discolored,  usually  dark  brown). 
Discemibility  below  3  would  be  fully  acceptable. 


Table  1. 

Discoloring  at  80  °C 

B-fiber  strand 

C-fiber,  strand 

C-fiber,  Ribbon 

weeks 

16 

33 

Mix  Wat  Gel 

1  1  0 

2  1  1 

Mix  Wat  Gel 

0  1  0 

1  1  0 

Mix  Wat  Gel 

52 

3  2  2 

2  1  0 

1  0  0 

104 

3  3  2 

3  2  2 

3  2  2 

156 

4  4  3 

4  3  3 

5  4  4 

260 

5*  4*  4 

5  5  4 

Peeling-off  (*)  or  glass  fracture  (**)  unabled  stripping 

3.  AFM  Studies 

A  number  of  models  of  chemical  attack,  nucleation  of  flaws,  and 
of  microstructural  development  were  matched  against  data  from 
measurements.  Identical  models  cannot  be  used  for  all  fibers, 
since  they  do  not  react  consistently  to  the  same  environment. 
Using  AFM,  atomic  force  microscopy,  showed  that  the  surface 
morphology  of  glass  sometimes  varies  between  fibers  treated  the 
same  way.  At  least  one  of  the  fibers  studied  had  a  pattern  of  rot, 
shown  in  Figure  7,  in  which  the  width  and  height  of  the  small 
spots  develops  irregularly  with  time.  (The  technique  used  in  this 
picture  has  transformed  shallow  mesas  into  steep  mountains). 

In  these  AFM  studies,  the  limited  number  of  scanned  surfaces  and 
two-point  bending  could  not  be  used  to  reveal  the  earliest  flaws 
which  may  occur  during  aging.  Extrapolation  techniques  and 
more  data  are  necessary  to  find  an  application  in  lifetime 
estimation  according  to  the  Section  4.  There  is  no  doubt  that  an 
increased  knowledge  of  surface  morphology  of  fibers  could  help 
in  developing  models,  which  quantitatively  relates  to  macroscopic 
measures  as  the  strength.  Some  examples  will  be  given  below. 

3.1  Structural  relations 

Two  measures  are  coveniently  accessible  from  the  AFM 
instrument:  the  RMS- value  of  surface  roughness,  and  the  average 
diameter,  D  of  surface  irregularities.  The  value  of  D  was  estimated 
from  the  micrographs  by  linear  intersection. 
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Figure  7.  A-ribbon  after  156  weeks  at  80°C 
in  water.  Topography  of  3x3  ^m2surface. 


The  observed  fiber  strength  could  be  well  related  to  calculated 
strength  by  either  of  two  different  approaches:  1)  use  fracture 
mechanics  on  RMS  values  only,  or  2)  use  the  ratio  RMS/D,  which 
is  jusified  by  the  notch  effect  imposed  by  soft  spots,  when 
observed.  These  features  have  a  limited  size  and  equiaxial  shape 
reminding  of  rot,  i.e.,  they  form  a  protruding  layer  assumedly 
being  soft  and  extending  into  the  bulk  of  glass.  The  corresponding 
strength  relations  are  presented  here  without  derivation. 

Approach  (1)  assumes  a  notch  depth  proportional  to  RMS,  which 
combined  with  the  fracture  toughness  of  glass  gives  the  relation 
with  strength,  S  according  to 

S=  12/(ao  +  4RMS)I/2  Gpa 
where  a0~  4.5  nm,  at  a  strain  rate  of  30%  per  minute. 

Approach  (2)  assumes  a  shape  factor  due  to  the  softer  portion 
extending  into  stiffer  bulk  glass.  The  spots  have  an  average  value 
of  lateral  extension,  D.  The  notch  effect  on  stress  acting  on  the 
deeper  portion  of  glass  is  proportional  to  the  ratio  RMS/D,  and 
leads  to  a  calculated  value  of  strength,  S  according  to 

S=  So/[l  +  8.5(RMS/D)]  Gpa 

where  So  is  the  strength  of  fresh  fiber,  before  aging.  The  average 
strength  of  Vendor  A  ribbon  was  initially  5.5  GPa,  and  1.16  GPa 
in  the  degraded  state  shown  in  Figure  7.  The  data  from  AFM  was 
RMS^  10.9  nm,  and  D=  53.6  nm.  Applying  the  last  equation 
gives  a  calculated  value  of  2.0  GPa,  which  is  1.74  times  higher 
than  the  real  strength.  A  conservative  estimation  of  strength  is 
approached  by  choosing  the  lowest  value  calculated  from  the  two 


expressions.  In  this  case  the  approach  (1)  would  give  1.73  GPa,  or 
1.5  times  the  real  strength.  The  choosen  example  is  occasionally 
not  very  significant,  probably  because  of  a  scattered  strength.  On 
the  other  hand,  good  estimates  were  found  in  all  other  AFM 
specimens  where  the  calculated  strength  was  within  0.83  and  1.06 
times  that  of  real  strength.  The  two  expressions  are  empirical, 
physically  founded  approaches,  and  based  on  structural  causes  of 
stress  amplification.  They  might  be  useful  in  cases,  when  there  is 
a  need  for  an  interpretation  of  failures  and  the  amount  of  fiber  is 
sparse. 

4.  Operative  Lifetime  of  Aged  Fibers 

A  number  of  cases  are  believed  to  impose  an  augmented  risk  for 
failure  of  transmission.  The  ones  presented  are  all  due  to  the 
mechanical  failure  of  fiber  in  96-fiber  cable:  resplicing  (assuming 
two  levels  of  strip  force,  8.9  N  according  to  an  IEC  TC  86A 
proposal  of  peak  force,  and  to  1/3  of  the  initial  bending  strength), 
handling  (0.3  m  radius  bends  along  10  m  cable),  cable  pitch 
(radius  0.243  m).  Fiber  bends  in  manholes  and  ducts,  and  ground 
displacements  due  to  excavations  or  creep  of  soil  and  rocks, 
depend  on  local  conditions  that  were  not  calculated  here.  Other 
cases  are  ribbon  strain  due  to  internal  fiber  excess  (0.1%),  and 
bends  in  splice  boxes  (radius  35  mm).  Also,  the  effective  radius 
from  allowed  cable  bends  and  pitch,  and  finally  a  calculation 
being  harmonized  with  Telia's  lifetime  requirements  based  on 
stress  cracking  and  1/3  of  proof  stress. 

The  procedure  for  determination  of  lifetime  is  described  in 
Section  6.4.  In  Table  2  below  are  shown  the  results  from  applying 
this  procedure  on  one  fiber  strand  and  on  two  ribbons,  using  aging 
parameters  in  water  at  10°C,  for  each  fiber  type.  Fixed  variables, 
L ,  F  and  the  load  at  failure,  were  estimated  according  to  the 
respective  case. 

Lifetimes  for  fiber  in  filling  gel  are  considerably  longer,  and  will 
not  be  presented.  It  is  interesting  to  compare  the  lifetimes  with  the 
lifetime  usually  required  for  cables,  40  years  or  2  080  weeks. 
The  lifetimes  are  based  on  eq  (3),  and  on  two  values  of  md  =  20 
and  10,  respectively,  since  an  exact  value  of  the  Weilbull  modulus 
is  difficult  to  determine.  For  other  parameters  see  Section  6.2, 
Table  3. 

Table  2  shows,  that  stripping  during  cable  repair,  and  residual 
stresses  due  to  fiber  excess  within  ribbon,  may  be  crucial  for 
lifetime.  The  calculated  values  are  not  very  reliable,  since  values 
of  activation  energy  and  Weibull  modulus  could  not  be  very 
accurately  determined.  Qualitatively,  the  ranking  of  risks  will  not 
be  altered  by  these  circumstances,  though. 


International  Wire  &  Cable  Symposium 


632 


Proceedings  of  the  49th 


Table  2.  Lifetimes  in  water  at  10  °C 


Description 

L,  km 

F,% 

Load,  GPa 

Lifetime,  weeks  m 

=  20 

Lifetime,  weeks  m=  10 

Case 

Vendor 

B-fiber, 

Vendor  C 

Vendor 

B-fiber,  Vendor  C 

A  ribbon 

strand 

ribbon 

A  ribbon 

strand  ribbon 

1.1 

resplicing  8.9  N 

0.096 

10 

0.73  dynamic 

604 

1  635 

3  393 

311 

110  30 

1.2 

resplicing  1/3  init 

0.096 

10 

1.89  dynamic 

304 

105 

(13) 

(270) 

(91)  (13) 

2.1 

handling 

0.96 

1.0 

0.015  dynamic 

2.1 104 

6.2' 106 

3.8  105 

7  651 

7.710s  1.2  10s 

2.2.1 

cable  pitch 

100 

0.1 

0.018  static 

1.4  104 

2.7'  106 

2.410s 

4  062 

2.010s  5.7  104 

2.2.2 

man  hole/  canal. 

1-100 

0.1 

—  static 

2.2.3 

ground  displ. 

—  static 

2.2.4 

ribbon  strain 

10 

0.1 

0.26  static 

1  203 

(1.2104)1 

1.1 104 

460 

580  1  618 

2.2.5 

splice  boxes 

0.192 

0.1 

0.125  static 

2  872 

9.5  104 

3.7  104 

1  178 

1.2  104  1.1 104 

2.2.6 

allowed  bends 

10 

0.1 

0.035  static 

8  081 

8.6  105 

1.310s 

2  634 

7.9  1  04  3.3  1  04 

+  cable  pitch. 

Harm. 

1056-A215 

100 

0.1 

0.23  static 

1  211 

1.2104 

1.2  104 

424 

413  1211 

Dynamic  loading  condition  is  30%/min.  1  B-fiber  only  available  as  fiber  strand 

Lifetimes  is  based  on  eq  (3),  eq  (4)  and  Table  3.  Values  within  brackets  ()  are  minimum  times  limited  by  the  parameter  k2 ,  which  is: 
fiber  B:  0.25  w  @  80°  C/  91  w  @  10  °C,  C-ribbon:  O.Olw  @  80  °C  /  13  w  @  10  °C,  A-ribbon:  50  w  @  80  °C  /  270  w  @  10  °C. 


5.  Conclusions 

In  this  study  have  been  predicted  the  operative  lifetimes  of  aged 
fiber  cables,  under  the  assumption  that  lifetime  is  limited  by 
events  as  failing  attempts  to  handle  and  repair  the  cable,  but  also 
by  intrinsic  failures  of  fiber.  These  lifetimes  may  be  considerably 
less  than  the  usual  requirements,  25  -  40  years. 

The  risk  for  problems  is  enhanced  by  harsh  environment,  and  is 
further  increased  by  events  involving  handling  of  the  fiber.  A 
most  annoying  situation  is  the  splicing  of  fiber  necessitated  by  e.g 
cable  cuts  during  excavation,  after  long  time  water  ingress  into 
cable.  The  life  of  a  large  cable  length  may  then  come  to  an  end 
with  a  single  cable  cut.  Eventually  all  of  a  span  must  be  replaced, 
significantly  increasing  the  cost  of  repair.  Besides  such  local 
events,  the  risks  may  be  diffusely  scattered  in  the  network,  such  as 
aging  embrittlement  combined  with  external  stresses,  or  internally 
due  to  e.g  fiber  pitch  and  excess  length  of  fiber  in  ribbon. 

However,  thanks  to  the  filling  gel  used  in  many  cables,  the 
embrittlement  caused  by  water  and  time  can  be  avoided,  or 
delayed.  The  risks  can  be  minimized  by  applying  filling  gel,  by 
installing  in  well  drained  ground  and  dry  tubes,  and  by  carefully 
controlling  the  manufacturing  processes,  especially  of  fiber 
ribbon. 

The  facts  and  arguments  presented  in  this  paper  should  motivate 
operators  to  perform  their  own  analysis  of  environmental  effects 
on  the  reliability  of  proprietary  networks  in  order  to  assure  fixture 
assets.  Such  research  and  analysis  will  certainly  always  be 


legitimate  when  going  to  introduce  new  or  modified  fibers, 
vendors,  cable  constructions  and  installation  procedures. 


6.  Appendices 


6.1  Strength  distribution 

The  probable  strength,  SL  of  an  arbitrary  length  of  fiber,  L  is 
assumedly  related  to  the  effective  length  and  strength  of  a  two- 
point  bending  test  specimen,  Lref  and  5^/ respectively,  through  the 
Weibull  parameter  m  according  to 


\1  hn 


■(1) 


6.2  Degradation  in  water 

Empirically,  the  time-variable  reduction  of  strength  of  fiber 
during  a  two-point  bending  test  aged  in  water  at  80°C  can  be 
expressed  by  a  3 -parameter  relation  as: 

S,,ef=  s^ef /(i+ki(t- k2y) . (2) 

where  the  time  of  aging,  t>  k2  and  is  the  strength  of  fresh 

specimens  at  t  -  0.  Srej  is  thereby  the  strength  during  two-point 
bend  testing  of  an  aged  specimen. 

While  eq  (2)  is  a  degradation  function,  f  which  varies  with  time, 
the  eq  (1)  describes  the  failure  distribution  g(L,  F,  m),  at  a  specific 
time.  At  arbitrary  time,  t  the  varying  strength  will  be  given  by 
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SL~i{f)'g(L,  F,  m),  or  SL(t)  =  Sref  (/)  ‘  (SL/  Sref ),  since  m  is 
assumedly  time-invariant.  From  this  follows  the  complete 
expression  for  the  time-dependent  strength  of  arbitrary  long  fibers 
at  a  certain  probability  F: 


where  R  =  8,3143  J/K.  The  expression  is  valid  under  the 
assumption  that  the  reaction  process  is  not  modified  by 
temperature.  Alternatively,  the  activation  energy,  Q ,  can  be 
evaluated  from  the  two  values  of  time  necessary  to  reach  the 
same,  say,  strength  according  to 


The  time-to-failure  is  explicitly  solved  as: 

t  =  k  \  {slf\-(LrefIL)m~F)}1 

2  K  sL 

V  V 

=  {F«1}  = 

^  /  /  \1  Im 

l=t+  1  tr(F-L,„IL) 


required  that 


As  an  example,  the  strength  of  Vendor  B  fiber  in  water  at  23  °C 
(296  K)  and  at  80  °C  (353  K),  shows  a  small  but  significant 
decrease  after  approximately  200  and  2  weeks,  respectively.  The 
above  expression  yields  an  activation  energy  of  70  kJ/mole.  The 
value  is  comparable  with  80  kJ/mole  reported  [8].  In  other  cases 
treated  here,  the  evaluation  yields  significantly  lower  values  of  Q, 
20  -  30  kJ/mole.  See  Table  3.  Similar  low  energies  are  also 
observed  during  static  fatigue,  values  about  55-65  kJ/mole  at  3 
GPa  are  recently  reported  [9]. 


^ L 

By  fitting  of  the  parameters  k2,  kh  and  p  to  the  measured  data 
from  fibers  in  this  study  according  to  Table  3  below,  their 
degradation  in  water  is  quite  well  described,  for  longer  periods. 
One  should  keep  in  mind  that  values  of  activation  energy,  Q  and 
Weibull  modulus  could  not  be  very  accurately  determined. 


Table  3.  A 

tging  parameters  of  fibers 

Fiber 

k2i 

weeks 

k\, 

weeks  ‘p 

P 

Q, 

kJ 

Fiber  B 

0.25 

0.102 

0.5 

70 

A-ribbon 

50 

0.035 

1.0 

20 

C-ribbon 

0.01 

1.0 

0.9 

30 

The  values  of  activation  energy  are  determined  from  the  onset  of 
degradation,  being  adjusted  by  a  few  steps  of  iteration.  An 
example  of  a  measured  and  calculated  degradation  in  water  is 
shown  in  the  Figure  8  below.  Although  the  very  first  week  of 
strength  may  not  be  accurately  modeled  -  Figure  5  and  6  hints  at  a 
temperature-dependent,  transient  drop  -  the  residual  time  of 
operative  life  will  be. 

6.3  Temperature  dependence 

From  the  Arrhenius  relation  between  reaction  rates  at  different 
temperatures  7\  and  T2  follows  that  the  time,  t  to  reach  a  certain 
degree  of  completion  can  be  expressed  by  the  equation: 


Figure  8A 


1  10  100  1000 


weeks 

Figure  8.  Calculated  and  measured  strength 
of  C-ribbon  at  23°C  and  80°C  in  water. 

Extrapolation  of  time  according  to  eq  (4)  down  to  a  ground 
temperature  of  10  °C  will  shift  the  strength  decrease  to  738  weeks, 
or  3  times  longer  than  at  23  °C. 
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6.4  Lifetime  of  exposed  portions 

Below  is  the  procedure  used  to  determine  the  lifetime  of  aged 
cable  portions  assumedly  prone  to  mechanical  damage.  The  first 
two  steps  are  useful  when  experimental  facilities  do  not  allow  the 
determination  of  times-to-failure  of  long  fiber  lengths: 

1.  Try  to  estimate  the  ra-value  of  the  lower  failure  mode  in  a 
bending  test  of  fiber  aged  at  e.g  80°C. 

2.  Extrapolate  bending  strength  to  long  lengths,  under  the 
assumption  of  a  unimodal  strength  distribution. 

3.  Apply  some  model,  e.g  equation  (2),  such  that  the 
degradation  of  fiber  with  time  can  be  calculated.  Use  the 
model  to  determine  the  value  of  the  activation  energy  Q  from 


two  sets  of  temperature  data,  using  eq  (4).  The  temperature 
must  not  be  such  that  wrong  mechanisms  interfere. 

4.  For  each  case  of  augmented  risk,  a  suitable  failure  criterion 
in  the  operative  environment  is  stated.  The  criterion  used 
here  is  the  allowable  level  of  probability,  F  that  strength 
approaches  a  certain  load.  Assign  fixed  values  of  the 
variables,  L ,  F  and  the  load  at  failure  of  the  exposed  portion. 

5.  Finally,  make  an  Arrhenius  extrapolation  of  time-to-failure  at 
operating  temperature,  by  multiplying  with  eq  (4).  The  result 
will  be  the  requested  time  of  life. 

A  number  of  cases  and  criteria  of  failure  exists,  depending  on 

networks  and  needs.  Some  examples  are  given  in  Table  2. 
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Measurement  of  Discrete  Strain  Change  in  a  High-Fiber  Count 
Slotted-Core  Ribbon  Cable  Using  Bragg  Gratings 
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Abstract 

Discrete  fiber  strain  measurements  using  fiber  Bragg  gratings 
(FBGs)  with  a  spatial  resolution  of  50  mm  were  made  for  an 
experimental  600-fiber  Slotted-Core  Ribbon  (SCR)  cable.  The 
partially  filled  SCR  cable  was  made  with  FBGs  in  the  top,  middle 
and  bottom  ribbons  in  two  slots.  Discrete  strain  measurements 
were  made  with  the  cable  on  0.75,  1.4  and  2.1  meter  drum 
diameters.  Measurements  were  made  relative  to  a  straight  cable 
configuration  to  examine  the  effect  of  pure  cable  bending  on 
strain. 

Near-sinusoidal  strain  behavior  was  observed  for  edge  fibers  as 
the  fibers  in  the  ribbon  oscillated  from  being  in  tension  to  being  in 
compression.  The  variation  of  fiber  strain  (peak-to-peak)  along 
the  lay  length  is  much  larger  in  the  edge  fibers  (maximum  of 
0.21  %  peak-to-peak  strain  on  the  0.75  meter  drum  diameter)  than 
in  the  middle  fibers  (maximum  of  0.1 13  %  peak-to-peak  strain  on 
the  0.75  meter  drum  diameter).  Maximum  discrete  fiber  tension 
(0.098  %)  and  compression  (0.083  %)  were  observed  for  the 
0.75  m  cable  drum  diameter  relative  to  a  straight  cable 
configuration.  Maximum  strains  are  used  to  predict  lifetimes  of 
optical  fiber  cable  on  a  small  diameter  reel. 

Keywords 

Optical  fiber  sensors;  fiber  Bragg  grating;  discrete  strain 
measurement;  Slotted-core  ribbon  cable;  8-fiber  ribbon;  ribbon- 
to-ribbon  friction;  cable  bending  stress. 

1.  Introduction 

Non-discrete  strain  measurement  methods  in  optical  fiber  ribbons 
and  cables  include  measuring  change  in  average  strain  for  a  test 
sample  from  a  reference  condition  using  the  phase-shift  technique 
and  measuring  distributed  fiber  strain  along  the  length  of  a  fiber 
using  a  Brillouin  Optical  Time  Domain  Reflectometer  (BOTDR). 
Resolution  of  the  BOTDR  is  limited  to  two  meters  and 
consequently  cannot  distinguish  localized  short-length  variation 
in  fiber  strain  along  the  laylength  in  a  stranded  cable.  Using  a 
BOTDR,  it  is  only  possible  to  measure  fiber  strain  averaged 
across  a  few  laylengths  at  this  time.  From  a  fiber  reliability 


standpoint,  the  fiber  strain  at  any  point  along  the  fiber  is 
important. 

With  the  emergence  of  fiber  Bragg  gratings  being  used  as  strain 
sensors  in  optical  fiber  cables,  it  is  now  possible  to  measure  strain 
at  discrete  locations  along  the  length  of  an  optical  fiber  cable. 
Fiber  Bragg  gratings  act  as  filters  reflecting  light  at  specific 
wavelengths  [1,2].  The  wavelength  reflected  by  a  given  Bragg 
grating  varies  linearly  with  applied  strain.  As  a  result,  strain  at  a 
discrete  location  in  an  optical  fiber  can  be  measured  by 
monitoring  the  wavelength  of  light  reflected  by  a  grating  written 
along  the  fiber’s  length. 

Previous  work  using  fiber  Bragg  gratings  to  measure  discrete 
strain  in  ribbons  measured  strain  in  only  one  fiber  position  in  the 
ribbon  stack  [3]  or  examined  strain  across  the  fibers  in  one  ribbon 
of  a  stack  [4].  This  work  measures  discrete  strain  in  an  eight-fiber 
ribbon  stack  mapped  as  a  function  of  fiber  position  in  the  top, 
middle  and  bottom  ribbons  along  the  length  of  the  fibers. 

In  this  study,  discrete  strain  with  a  spatial  resolution  of  50  mm 
was  measured  on  fibers  in  an  experimental  600-fiber  Slotted-Core 
Ribbon  (SCR)  cable.  By  strategically  placing  Bragg  gratings  in 
nine  different  fibers  in  a  stack  of  10,  eight-fiber  ribbons,  discrete 
fiber  strain  was  measured.  Discrete  strain  measurements  were 
made  on  0.75,  1.4  and  2.1  meter  cable  drum  diameters  relative  to 
a  straight  cable  configuration.  The  various  cable  drum  diameter 
measurements  show  the  effect  of  radius  of  curvature  on  cable 
strain.  All  measurements  are  relative  to  a  straight  cable 
configuration  to  examine  the  effect  of  pure  cable  bending  on 
strain. 

2.  Fiber  Bragg  Grating  Properties 

Exposure  of  a  fiber  core  to  intense  optical  interference  creates  a 
periodic  perturbation  of  the  refractive  index  along  the  fiber  length, 
which  is  known  as  a  fiber  Bragg  grating.  The  index  perturbations 
in  the  fiber  core  cause  a  narrow  band  of  incident  light  in  the  fiber 
to  be  reflected  by  successive  coherent  scattering  from  the  index 
variations.  Transmission  reflection  spectra  for  a  series  of  fiber 
Bragg  gratings  are  shown  in  Figure  1.  Seventeen  fiber  Bragg 
gratings  are  written  into  the  fiber  for  this  spectra. 
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Bragg  wavelength  (nm) 


Figure  1.  Transmission  reflection  spectra  for  grating  series  17-2  (17  fiber  Bragg  gratings  written  into  the 

fiber). 


Figure  2.  Bragg  wavelength  as  a  function  of  the  applied  load. 
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This  filter  has  high  rejection  filtering  of  about  25  dB.  Any  change 
in  fiber  properties,  such  as  strain  which  varies  the  modal  index  or 
grating  pitch,  will  change  the  Bragg  wavelength.  The  grating 
sensitivity  is  governed  by  the  fiber’s  elastic  and  elasto-optic 
properties.  The  amount  of  wavelength  shift  is  given  by  [5] 

Vs- =  e  [!-  0.5  «2(pi2-jU(p  11-P12))]  +  %AT.  (1) 

Where  e  is  the  axial  strain,  n  the  effective  index  of  refraction, 
the  strain  optic  or  PockeTs  coefficients,  p  Poisson’s  ratio,  and 
the  thermo-optic  coefficient.  For  n  =  1.468  at  1550  nm, 
Pu  =  0.1 13,p12  =  0.252  and  p  =  0.17,  then  equation  (1)  becomes 

=  0.79  e  +  %AT .  (2) 

A B 

Typical  values  for  the  sensitivity  to  an  applied  axial  strain  are  1 
nm/millistrain  [1]  at  1300  nm.  For  measurements  conducted  in 
this  study  around  1550  nm,  a  1.2nm/0.1%  wavelength/strain 
relationship  was  used. 

The  measured  Bragg  wavelength  as  a  function  of  the  applied  load 
is  shown  in  Figure  2.  To  determine  if  the  grating  had  any 


hysteresis,  the  load  was  slowly  reduced  for  the  Bragg  grating  from 
300  g  as  can  be  seen  in  Figure  2.  No  hysteresis  was  evident. 

3.  Discrete  Strain  Measurement  Using 
Fiber  Bragg  Gratings 

In  this  study,  strain  is  measured  at  discrete  points  along 
approximately  two  laylengths  (  1  laylength  =  425  mm)  of  a  600- 
fiber  SCR  cable  (cable  OD  =  23.3  mm)  using  fiber  Bragg  gratings. 
Measurements  were  made  during  the  various  stages  of 
manufacturing  the  cable  and  on  various  diameter  cable  drums. 
Figure  3  shows  a  cross-section  of  the  600-fiber  SCR  cable  with 
slots  1,  3,  5  and  7  filled.  Two  of  these  slots  (Slot  1  and  Slot  5) 
had  Bragg  gratings  in  the  top,  middle  and  bottom  ribbons  as 
shown  by  the  shaded  fibers  in  Figure  3.  Each  8-fiber  ribbon  had  3 
fibers  with  Bragg  gratings,  typically  Fiber  1,  Fiber  4  or  5  and 
Fiber  8.  In  each  fiber  with  Bragg  gratings,  the  gratings  were 
uniformly  spaced  over  800  mm  (approximately  two  laylengths). 
Grating  locations  within  the  3  ribbons  with  gratings  in  each  slot 
are  aligned  within  ±1.5  meters  of  each  other.  Slot  1  had  M9-unit 
gratings”  (9  gratings  spaced  approximately  100  mm  apart)  and 
slot  5  had  "  17-unit  gratings"  (17  gratings  spaced  approximately  50 
mm  apart).  For  this  paper,  primarily  strain  measurements  for  Slot 
5  are  presented  and  discussed.  The  data  is  similar  for  Slot  1,  but 
with  less  resolution,  i.e.,  9  gratings  per  fiber  vs.  17  gratings  per 
fiber. 


Figure  3.  600-fiber  SCR  cable  cross-section.  Cable  OD  is  23.3  mm.  Slots  1  and  5  contain  fibers  with  Bragg 
gratings.  Bragg  grating  positions  in  Slot  5  are  indicated  by  shaded  fibers  in  the  stack  of  10,  eight-fiber 

ribbons. 
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The  reflected  light  spectra  from  the  gratings  was  measured  during 
various  cable  configurations  which  included  (1)  Straight  cable 
section  containing  the  gratings,  and  (2)  Cable  wound  on  a  0.75, 
1 .4  and  2.1  meter  diameter  drums.  Using  the  measurements  for  the 
straight  cable  as  a  reference  (zero  strain),  the  fiber  strain  at  each 
cable  diameter  was  calculated  for  the  different  Bragg  gratings.  It 
is  important  to  measure  the  effect  of  the  cable  bend  radius  relative 
to  the  straight  cable  to  isolate  the  “pure  bending”  results  in  order 
to  evaluate  the  cable  drum’s  effect  on  cable  lifetimes.  These 
bending  strains  are  mostly  eliminated  once  the  cable  is  installed. 

The  fiber  strain  is  proportional  to  the  shift  in  wavelength  of  light 
reflected  from  each  grating  relative  to  the  straight  cable 
configuration.  The  measurement  repeatability  is  typically  about 
0.01  %.  All  measurements  were  made  at  least  24  hours  after  re¬ 
reeling  in  order  to  allow  for  strain  stabilization  after  ribbon 
movement  in  the  cable. 

4.  Strain  Measurement  Results  and 
Discussion 

4.1  Discrete  Fiber  Strain 

Figure  4  shows  cross-sectional  views  of  the  bent  600-fiber  cable 
with  only  one  ribbon  for  illustrative  purposes.  Optical  fibers  in  the 
8 -fiber  ribbon  are  in  tension  above  the  cable  neutral  axis  and  in 
compression  below  the  cable  neutral  axis.  This  same  evolution 
from  tension  to  compression  repeats  itself  through  each  laylength 
as  the  fiber  ribbon  is  helically  stranded  around  the  central 


member.  Figure  4  shows  four  cross-sections  of  the  bent  600-fiber 
cable  rotated  through  90°  for  1  laylength.  Each  cross-section 
shows  how  the  8-fiber  ribbon  rotates  relative  to  the  cable  neutral 
axis. 

Measurements  of  discrete  strain  change  along  the  fiber  lengths  for 
various  cable  drum  diameters  relative  to  a  straight  cable 
configuration  are  shown  in  Figure  5.  The  edge  fiber  illustrated  in 
Figure  5  is  Fiber  8  from  Slot  5,  Ribbon  1,  which  is  the  top  ribbon. 
The  letters  A,  B,  C  and  D  indicate  the  positions  of  the  8 -fiber 
ribbon  in  the  cable  cross-sections  shown  in  Figure  4.  Each  of  the 
17  gratings  in  Figure  5  are  equally  spaced  50  mm.  Maximum 
discrete  tension  (maximum  of  0.098  %)  and  compression 
(maximum  of  0.083  %)  are  observed  for  the  0.75  m  diameter 
cable  drum.  Strain  increases  due  to  decreasing  cable  drum 
diameter  is  seen  in  the  edge  fibers  as  well  as  the  middle  ribbon 
fibers.  Figure  6  shows  the  discrete  strain  change  vs.  distance 
along  the  middle  fiber  in  the  top  ribbon  (Slot  5,  Ribbon  1, 
Fiber  4).  Each  of  the  3  cable  drum  diameters  in  Figure  6  is  plotted 
relative  to  a  straight  cable  configuration.  The  strain  measurements 
show  that  the  edge  fibers  in  the  ribbons  exhibited  higher 
maximum  strain  as  compared  to  the  middle  fibers.  The  variation 
of  fiber  strain  (peak-to-peak)  along  the  laylength  is  much  larger  in 
the  edge  fibers  (maximum  of  0.21  %  strain  on  the  0.75  m  drum 
for  Ribbon  10,  Fiber  8,  Slot  5)  than  in  the  middle  fibers 
(maximum  of  0.1 13  %  strain  on  the  0.75  meter  drum  for  Ribbon 
1,  Fiber  4,  Slot  5). 


TENSION 

B  C 


Figure  4.  Cross-sectional  views  of  a  bent  600-fiber  cable.  Optical  fibers  in  the  8-fiber  ribbon  are  in  tension 
above  the  cable  neutral  axis  and  in  compression  below  the  cable  neutral  axis.  Cross-sections  of  a  bent 
600-fiber  cable  are  rotated  through  90°  for  1  laylength.  The  8-fiber  ribbons  are  rotated  relative  to  the 
neutral  axis.  The  letters  A,  B,  C  and  D  are  used  to  indicate  the  positions  of  the  8-fiber  ribbon  for  the  strain 

data  in  Figure  5. 
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0.75  m Drum  — ■—  MmEhiro  2, 1  m Drum  | 


Figure  5.  Edge  fiber,  top  ribbon  (Slot  5,  Ribbon  1,  Fiber  8)  discrete  strain  change  vs.  distance  for  3  cable 
drum  diameters  relative  to  a  straight  cable  configuration.  Grating  spatial  separation  is  50  mm.  The  letters 
A,  B,  C  and  D  indicate  the  positions  of  the  8-fiber  ribbon  in  the  cable  cross-sections  in  Figure  4. 


0.75  m  Drum  ^  1.4  m  Drum  . "  2,1m  Drum  | 


Figure  6.  Middle  fiber,  top  ribbon  (Slot  5,  Ribbon  1,  Fiber  4)  discrete  strain  change  vs.  distance  for  3  cable 
drum  diameters  relative  to  a  straight  cable  configuration.  Grating  spatial  separation  is  50  mm. 
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Near-sinusoidal  behavior  is  observed  in  Figure  5  and  to  some 
extent  in  Figure  6  as  the  ribbon  oscillates  from  being  in  tension  to 
being  in  compression.  Such  near-sinusoidal  strain  behavior  can 
be  observed  particularly  for  the  edge  fibers  over  the 
approximately  2  laylengths  containing  Bragg  gratings.  Data  for 
the  other  edge  ribbon  fibers  is  very  similar  to  that  in  Figure  5.  The 
locations  for  the  maximum  strains  for  all  three-cable  drum 
diameters  indicate  laylengths  on  the  order  of  425  mm  in  Figure  5. 

Figure  7  shows  discrete  strain  change  vs.  distance  for  edge  fibers 
(Slot  5,  Fiber  1)  in  Ribbons  1,  5  and  10  for  the  0.75  m  cable  drum 
diameter  relative  to  a  straight  cable  configuration.  The  peak 
maximum  and  minimum  strains  do  not  overlap  since  the  gratings 
do  not  begin  at  exactly  the  same  point  along  the  cable  length.  The 
locations  of  the  gratings  in  each  ribbon  are  within  ±1.5  meters  of 
each  other.  Figure  8  illustrates  discrete  strain  change  for  the 
middle  ribbon  (Slot  5,  Ribbon  5)  vs.  distance  for  Fibers  1,  5  and  8 
for  the  2.1  m  cable  drum  diameter  relative  to  a  straight  cable 
configuration.  As  in  Figure  7,  the  peak  maximum  and  minimum 
strains  do  not  overlap  since  the  gratings  do  not  begin  at  exactly 
the  same  point  along  the  cable  length.  The  maximum  discrete 
tension  is  0.083  %  while  the  maximum  compression  is  0.052  % 
for  Fiber  1  in  Figure  8.  Both  Figures  7  and  8  exhibit  near- 
sinusoidal  behavior  as  observed  in  Figures  5  and  6  as  the  ribbon 
oscillates  from  being  in  tension  to  being  in  compression  along  the 
fiber  length. 

4.2  Average  Fiber  Strain 

An  alternative  method  to  analyze  the  discrete  strain  measurements 
in  the  9  different  fibers  in  Slot  5  is  to  calculate  the  average  strain 
in  all  17  Bragg  gratings  similar  to  what  would  be  measured  using 
a  BOTDR  or  a  phase-shift  strain  measurement.  Table  1  lists  the 
average  discrete  strain  relative  to  a  straight  cable  configuration 
for  the  Bragg  grating  fibers  contained  in  Ribbons  1,  5  and  10  as  a 
function  of  cable  drum  diameter.  The  standard  deviations  are 
shown  in  parenthesis  and  are  much  larger  than  the  averages  since 
there  is  a  large  excursion  between  the  maximum  and  minimum 
strain  values  over  2  laylengths.  It  should  be  noted  that  the 
averages  would  be  more  statistically  significant  if  the  strain  was 
averaged  over  many  more  than  2  laylengths.  However,  these  data 
can  still  show  trends.  The  positive  strain  averages  represent 
tension  while  the  negative  strain  averages  represent  compression 
measured  for  the  fibers  with  Bragg  gratings.  Only  ribbon  1  (top 
ribbon)  has  average  strain  in  tension  for  the  0.75  meter  drum 
diameter  while  ribbons  5  and  10  are  completely  in  compression. 


Ribbon  1  — Ribbon  5  ~-a~-  Ribbon  10 


Figure  7.  Edge  fiber  (Slot  5,  Fiber  1)  discrete  strain 
change  vs.  distance  for  Ribbons  1 , 5  and  10  for 
the  0.75  m  cable  drum  diameter  relative  to  a 
straight  cable  configuration. 


Fiber  1  >■■■•■•  Fiber  5  a  ■■  Fiber  8 
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Distance  Along  Fiber  (mm) 


Figure  8.  Middle  ribbon  (Slot  5,  Ribbon  5)  discrete 
strain  change  vs.  distance  for  Fibers  1,  5  and  8  for 
the  2.1  m  cable  drum  diameter  relative  to  a 
straight  cable  configuration. 
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Table  1.  Average  strain  vs.  cable  diameter  relative 
to  a  straight  cable  configuration  (standard 
_ deviations  are  in  parenthesis)  _ 


Ribbon 

Number 

Cable 

Drum 

Diameter 

(m) 

Fiber  1 
Average 
Strain 

(%) 

Fiber  4  or 

Fiber  5 

Average 

Strain 

(%) 

Fiber  8 
Average 
Strain 
(%) 

Ribbon  1 

0.75 

0.014 

(0.069) 

0.015 

(0.034) 

0.019 

(0.062) 

1.4 

-0.004 

(0.045) 

0.001 

(0.014) 

0.002 

(0.044) 

2.1 

-0.005 

(0.035) 

-0.004 

(0.016) 

-0.004 

(0.026) 

Ribbon  5 

0.75 

-0.010 

(0.066) 

-0.009 

(0.018) 

-0.004 

(0.064) 

1.4 

-0.011 

(0.048) 

-0.013 

(0.015) 

-0.008 

(0.049) 

2.1 

-0.004 

(0.035) 

-0.020 

(0.021) 

-0.004 

(0.027) 

Ribbon  10 

0.75 

-0.019 

(0.061) 

1  -0.015 
(0.025) 

-0.017 

(0.068) 

1.4 

-0.015 

(0.049) 

-0.007 

(0.016) 

-0.012 

(0.056) 

2.1 

-0.005 

(0.020) 

-0.011 

(0.014) 

-0.012 

(0.035) 

Figure  9  shows  the  average  strain  change  for  Ribbon  1  (top 
ribbon,  Slot  5)  relative  to  a  straight  cable  as  a  function  of  inverse 
cable  drum  radius  for  Fibers  1,  4  and  8,  respectively.  The  average 
strain  is  shown  graphically  as  a  function  of  the  inverse  of  the 
cable  drum  radius  since  the  longitudinal  strain  in  the  plane  of 
symmetry  for  the  circular  cable  is  inversely  proportional  to  the 
radius  of  curvature  (or  the  cable  bend  radius).  Ribbon  1  (Figure 
9)  shows  all  fibers  with  approximately  linearly  increasing  strain 
as  the  inverse  of  the  cable  drum  radius  increases.  It  is  understood 
that  reducing  the  bend  diameter  of  an  optical  fiber  cable  increases 
the  strain,  so  this  behavior  is  expected.  Similarly,  for  Slot  1, 
Figure  10  shows  the  average  strain  change  for  Ribbon  1  (top 
ribbon)  relative  to  a  straight  cable  as  a  function  of  inverse  cable 
drum  radius  for  Fibers  1,  4  and  8,  respectively.  Slot  1  is  averaged 
over  9-Bragg  gratings  instead  of  17  gratings  as  in  Slot  5.  Similar 
to  Figure  9,  all  fibers  show  approximately  linearly  increasing 
strain  as  the  inverse  of  the  cable  drum  radius  increases. 

Strain  trends  for  the  middle  and  bottom  ribbons  in  Table  1  are  not 
as  clear  as  for  the  top  ribbon.  For  example,  Ribbon  1  is  the  only 
ribbon  in  the  stack  with  a  constantly  free  surface  which  allows 
room  for  free  movement  and  accordingly,  is  primarily  in  pure 
bending  as  exemplified  by  the  approximately  linearly  increasing 


strain  with  the  inverse  of  cable  drum  radius.  During  cable 
bending,  the  ribbons  will  rotate  until  they  contact  another  ribbon 
or  the  slot  walls.  Ribbon  adhesion  will  minimize  individual 
ribbon  movement  and  increase  bending  stresses.  Ribbon  5 
(middle  ribbon)  is  constrained  (ribbons  adhered  to  each  other) 
from  movement  in  the  ribbon  stack  due  to  processing  tensions 
and  friction  between  the  ribbons  on  each  of  it’s  sides.  Ribbon  5 
probably  also  undergoes  some  bending  on  its  edge  (ribbon  edge 
parallel  to  the  bending  axis)  at  some  point  along  the  length  of  the 
fiber  Bragg  gratings.  Ribbon  10  (bottom  ribbon)  is  probably 
being  partially  constrained  from  movement  in  the  ribbon  stack 
due  to  processing  tensions  and  friction  between  the  ribbon  above 
it  and  the  bottom  of  the  slot.  Overall  strain  in  Ribbon  10  is 
probably  affected  by  the  ribbon-to-ribbon  and/or  ribbon-to-slot 
bottom  surface  adhesion  which  may  be  broken  as  the  cable  bend 
diameter  is  reduced  and  consequently  the  strain  is  reduced. 

Varying  strain  behavior  in  a  ribbon  stack  and  the  interactions 
between  the  ribbons  in  the  stack  is  not  well  understood,  but  it  is 
probably  due  to  a  combination  of  stresses  such  as  pure  bending, 
the  ribbon  being  bent  on  its  edge,  ribbon  slip-stick  forces  due  to 
friction  and  the  in-process  ribbon  tensions.  These  different 
causes  of  stress  combine  at  different  levels  depending  on  the 
location  of  the  ribbon  in  the  stack. 


4.3  Maximum  Fiber  Strain  and  Cable  Lifetime 

Table  2  lists  the  maximum  discrete  tensile  strains  and  the 
locations  of  those  strains  due  to  the  cable  drum  diameters  for  Slot 
5.  One  can  observe  that  the  maximum  tension  is  always  on  an 
edge  fiber,  which  is  expected  since  they  are  “unprotected” 
relative  to  the  interior  fibers  in  a  ribbon.  It  should  also  be  noted 
that  the  location  of  the  maximum  tension  on  the  1 .4  meter  drum 
diameter  actually  occurs  in  four  other  fiber  locations,  namely 
Ribbon  1,  Fiber  8;  Ribbon  5,  Fiber  1;  Ribbon  5,  Fiber  8;  and 
Ribbon  10,  Fiber  8. 


Table  2.  Maximum  discrete  tensile  strains  and 
locations  due  to  cable  bend  diameter  (relative  to  a 
_ straight  cable  configuration) _ 


Cable  Drum 

Diameter 

(m) 

Tension 

(%) 

Ribbon 

Fiber 

0.75 

0.112 

1 

1 

1.4 

0.068* 

1 

1 

2.1 

0.083 

5 

1 

*Also  the  maximum  tension  for  Ribbon  1,  Fiber  8;  Ribbon  5, 
Fiber  1;  Ribbon  5,  Fiber  8;  and  Ribbon  10,  Fiber  8. 
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Figure  9.  Top  ribbon  (Slot  5,  Ribbon  1)  average  strain  change  relative  to  a  straight  cable  configuration  vs. 

inverse  cable  drum  radius  for  Fibers  1 , 4  and  8. 


— Fiber  1  — Fiber  4  -±—  Fiber  8 


Inverse  Cable  Drum  Radius  (1/m) 


Figure  10.  Top  ribbon  (Slot  1,  Ribbon  1)  average  strain  change  relative  to  a  straight  cable  configuration  vs. 

inverse  cable  drum  radius  for  Fibers  1, 4  and  8. 
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Table  3  lists  the  maximum  discrete  compressive  strains  and  the 
locations  of  those  strains  due  to  the  cable  drum  diameters  for  Slot 
5.  Similar  to  the  maximum  tensile  strains,  the  maximum 
compression  is  always  on  an  edge  fiber  and  in  particular,  always 
on  the  same  bottom  ribbon  edge  fiber.  This  fiber  position  is 
obviously  susceptible  to  higher  strains  due  to  its  location  in  the 
ribbon  stack. 


Table  3.  Maximum  discrete  compressive  strains 
and  locations  due  to  cable  bend  diameter  (relative 
_ to  a  straight  cable  configuration) _ 


Cable  Drum 

Diameter 

(m) 

Compression 

(%) 

Ribbon 

Fiber 

0.75 

-0.127 

10 

8 

1.4 

-0.105 

10 

8 

2.1 

-0.090 

10 

8 

Maximum  strains  are  important  for  predicting  lifetimes  of  optical 
fiber  cables.  Methodologies  have  been  developed  to  make  long¬ 
term  failure  probability  predictions  provided  the  fiber  n  value  and 
strength  distributions  are  appropriate  for  the  application  [6,  7]. 
Therefore,  for  a  25  year  lifetime,  fiber  strain  may  be  as  high  as 
0.2  %,  even  for  a  small  bend  radius.  Consequently,  the  strains 
generated  on  a  cable  drum  diameter  as  small  as  0.75  meters  will 
not  reduce  the  lifetime  of  the  cable  under  most  conditions. 

5.  Conclusions 

Discrete  fiber  strain  measurements  were  made  using  fiber  Bragg 
gratings  with  a  spatial  resolution  of  50  mm  along  the  laylength  of 
an  SCR  cable.  The  partially  filled  experimental  600-fiber  SCR 
cable  was  made  with  fiber  Bragg  gratings  in  the  top,  middle  and 
bottom  ribbons  of  two  slots.  Discrete  strain  measurements  were 
made  on  0.75,  1.4  and  2.1  meter  cable  drum  diameters  relative  to 
a  straight  cable  configuration  to  examine  the  effect  of  pure 
bending  on  strain. 

The  following  conclusions  can  be  made: 

•  Edge  fibers  in  the  ribbons  exhibited  higher  maximum  strain 
as  compared  to  the  middle  fibers. 

•  Maximum  discrete  tension  (0.098  %)  and  compression 
(0.083  %)  were  observed  for  the  0.75  m  diameter  cable  drum 
for  a  straight  cable  configuration. 

•  The  variation  of  fiber  strain  (peak-to-peak)  along  the 
laylength  is  much  larger  in  the  edge  fibers  (max.  of  0.21  % 
strain  on  the  0.75  m  drum)  than  in  the  middle  fibers  (max.  of 
0.1 13  %  strain  on  the  0.75  m  drum). 

•  Near-sinusoidal  strain  behavior  was  observed  for  the 
measured  fibers  as  the  ribbon  oscillates  from  being  in  tension 
to  being  in  compression. 


•  The  top  ribbon  in  both  slots  measured,  showed  all  fibers  with 
approximately  linearly  increasing  average  strain  as  the 
inverse  of  the  cable  drum  radius. 

Strain  behavior  variation  observed  in  a  ribbon  stack  and  the 
interactions  between  the  ribbons  in  the  stack  is  probably  due  to  a 
combination  of  stresses  such  as  pure  bending,  the  ribbon  being 
bent  on  its  edge,  ribbon  slip-stick  forces  due  to  friction  and  the  in- 
process  ribbon  tensions.  These  different  causes  of  stress  combine 
at  different  magnitudes  depending  on  the  location  of  the  ribbon  in 
the  stack. 

For  a  25  year  lifetime,  fiber  strain  on  a  cable  drum  may  be  as  high 
as  0.2  %,  even  for  a  small  bend  radius.  The  maximum  strains 
generated  on  a  cable  drum  diameter  as  small  as  0.75  meters  will 
not  reduce  the  lifetime  of  the  cable. 
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Abstract 

The  glass  transition  of  UV  curable  inks  on  optical  fiber  was 
determined  using  the  new  technique  of  micro-thermomechanical 
analysis  (p-TMA).  This  analytical  technique  combines  a  miniature 
heating  system  with  an  atomic  force  microscope,  allowing 
simultaneous  surface  imaging  and  thermal  characterization  of  the 
material.  A  clear  ink  base  and  a  series  of  pigmented  systems  were 
investigated  using  both  this  technique  and  traditional  flat  film 
thermomechanical  analysis  in  order  to  determine  the  effect  of 
different  pigments  on  the  Tg  of  the  coating.  Results  from  both 
techniques  were  compared  in  order  to  evaluate  the  efficacy  of  the 
microscopic  method  for  the  determination  of  coating  properties  on 
fiber.  Depth  profiling  of  the  Tg  was  also  performed  on  a  cross- 
section  of  each  fiber  to  examine  gradient  effects  on  the  coating 
layers  from  the  curing  process. 

1.  Introduction 

Thermal  methods  such  as  differential  scanning  calorimetry  (DSC), 
dynamic  mechanical  analysis  (DMA),  and  thermomechanical 
analysis  (TMA)  have  long  been  standard  analytical  tools  for  the 
characterization  of  polymer  physical  properties.  Generally,  fairly 
large  samples  are  required  for  analysis  by  these  traditional  thermal 
methods.  In  the  case  of  DSC,  several  milligrams  of  sample  are 
required  for  measurements,  and  for  DMA  and  TMA,  films  of 
reasonable  size  are  required.  These  techniques  probe  the  bulk 
properties  of  the  material,  generally  not  being  capable  of  resolving 
any  microscopic  heterogeneities  within  the  sample.  Results  from 
these  types  of  experiments  are  sometimes  referred  to  as  being 
specimen-averaged. 

In  the  field  of  optical  fiber  coatings,  these  types  of  methods  have 
been  relied  upon  to  determine  the  thermal  properties  of  flat  films  of 
the  coating  formulation  of  interest.  This  is  considered  to  be  a  less 
than  ideal  procedure,  because  the  properties  of  the  coatings  on  fiber 
may  differ  from  those  of  flat  films  due  to  significant  processing 
differences.  Thus,  it  is  desirable  to  develop  techniques  which  will 
allow  for  the  elucidation  of  the  properties  of  coatings  on  the  fiber. 
In  this  paper,  we  explore  the  potential  utilization  of  micro-thermal 
analysis  for  the  in-situ  determination  of  the  glass  transition  of  UV- 
curable  inks  on  optical  fiber. 

The  technique  of  micro-thermal  analysis  is  a  relatively  new  one.  It 
incorporates  the  elements  of  thermal  analysis  and  atomic  force 
microscopy  into  one  instrument.1  In  this  instrument,  the  AFM  probe 
is  replaced  with  a  silver-coated  platinum  wire,  known  as  a 


Wollaston  wire.  The  wire  is  then  bent  into  a  v-shape,  and  the  silver 
is  etched  off  of  the  wire,  exposing  the  sub-micron  diameter 
platinum  wire.  When  current  is  passed  through  the  Wollaston  wire, 
it  acts  as  a  miniature  heating  and  thermal  sensing  device.  This  probe 
can  then  be  scanned  across  a  sample  surface,  while  the  temperature 
is  ramped  up  at  very  high  rates.  This  combination  of  features  allows 
for  simultaneous  imaging  of  surface  topography  and  thermal 
characterization  of  the  material  of  interest. 

The  instrument  operates  with  two  separate  feedback  loops,  force 
control  (constant  force  between  the  sample  and  the  probe)  for 
topography  determination  and  current  control  (constant  flow  of 
current  through  the  Wollaston  wire)  for  thermal  information.  The 
use  of  the  current  control  technique  imparts  the  ability  to  perform 
various  thermal  analysis  experiments  on  very  small  samples  or  on 
very  small  locations  on  a  sample  simply  by  monitoring  the  current 
flow  through  the  wire  probe.  This  provides  the  scientist  with  the 
capability  to  examine  materials  that  may  not  normally  be  practical 
or  even  possible  to  analyze  with  traditional  bulk  thermal  analysis 
tools. 

There  are  two  main  modes  of  operation  of  the  instrument.  In  the 
first,  the  probe  is  scanned  across  the  surface  of  the  material  while  it 
is  maintained  at  a  constant,  elevated  temperature.  The  current 
control  system  can  measure  the  rate  of  heat  dissipation  into  the 
sample,  making  it  possible  to  spatially  resolve  or  “map”  regions  of  a 
sample  with  varying  thermal  conductivity. 

The  second  mode  of  operation  is  localized  thermal  analysis.  In  this 
type  of  experiment,  a  particular  region  of  interest  is  selected  on  the 
sample  surface.  The  temperature  of  the  probe  is  then  ramped  up  at 
very  fast  rates  (25°C/sec  or  15007min),  and  the  differential  thermal 
response  is  monitored,  as  well  as  the  vertical  position  of  the  probe. 
As  the  material  heats  up,  it  begins  to  soften  at  a  particular 
temperature,  and  the  probe  begins  to  sink  into  it.  This  softening 
point  correlates  with  the  glass  transition  of  amorphous  materials  and 
the  melting  point  for  crystalline  or  semi-crystalline  materials. 

This  second  technique  has  been  used  to  study  the  phase  miscibility 
of  polymer  blends,  to  study  the  softening  temperatures  of 
multilaminate  polymer  films,  to  aid  in  the  identification  of 
constituents  in  printed  materials,  and  to  characterize  interphases 
found  at  interfaces  between  multicomponent  systems.2,3  Our  group 
has  also  done  some  preliminary  work  where  the  technique  was  used 
to  determine  the  glass  transition  of  inks  coated  onto  optical  fiber.4 
This  paper  will  summarize  and  discuss  the  results  of  additional 
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experiments  performed  on  fiber  optic  materials  utilizing  this 
technique. 

One  of  the  main  items  of  interest  in  this  study,  in  additional  to  the 
evaluation  of  a  new  analytical  technique,  was  to  study  the  variation 
in  the  glass  transition  behavior  across  the  whole  series  of  inks.  Each 
ink  color  is  obtained  by  mixing  a  colorant  (pigment  dispersion)  into 
the  ink  base  resin.  The  colorant  contains  dry  pigment,  dispersing 
agents,  and  multi-functional  acrylates.  In  order  to  achieve  the  proper 
shade,  different  quantities  of  dry  pigment  are  mixed  into  the  various 
pigment  dispersions.  Thus,  each  different  pigment  dispersion  will 
usually  contain  a  different  quantity  of  multi-functional  acrylate.5 
Additionally,  the  weight  percentage  of  pigment  dispersion  used  in 
the  ink  formulations  varies  for  every  final  ink  color.  The  result  is 
that  there  may  be  significant  variation  in  the  amount  of  multi¬ 
functional  acrylate  contained  in  each  of  the  ink  colors.  This  could 
affect  the  degree  of  crosslinking  in  the  material  upon  cure, 
subsequently  causing  variations  in  the  glass  transition  range, 
depending  upon  the  color. 

Another  variable  worthy  of  consideration  is  the  density  of  the  dry 
pigment  itself.  One  theory  which  has  been  proposed  is  that  the 
higher  the  volume  of  pigment  contained  in  the  ink,  the  higher  the 
free  volume  in  the  cured  material.  Some  of  the  colors,  such  as  blue, 
red,  violet,  green,  and  yellow,  contain  organic  pigments  that  have 
lower  density,  will  potentially  have  a  higher  volume  occupied  by 
pigment.  Titanium  dioxide,  the  pigment  used  to  provide  opacity  to 
inks  and  to  achieve  white  and  lighter  shades  of  other  colors,  has  a 
relatively  high  density,  and  thus,  occupies  less  volume  inside  the 
final  product.  Thus,  depending  upon  the  amount  and  type  of  dry 
pigment  present  in  the  formulation,  significant  differences  in  free 
volume  may  exist  from  color  to  color,  impacting  the  glass  transition 
behavior  of  the  final  cured  material. 

Organic  pigments  may  also  absorb  UV  radiation  at  various 
wavelengths,  depending  upon  the  pigment  color,  effectively 
competing  with  the  photoinitiators  in  the  coating  system.  They  can 
also  scatter  and  block  energy  due  to  their  particulate  nature, 
contributing  to  uneven  or  incomplete  cure.  Both  of  these 
phenomenon  challenge  the  formulator’s  job  of  providing  the 
maximum  homogeneity  of  properties  within  all  of  the  colors  of  an 
ink  line.6 

2.  Materials  and  Methods: 

In  these  experiments,  we  analyzed  a  series  of  twelve  different  colors 
of  UV-cured  ink,  all  based  upon  the  same  resin  formulation.  The 
objectives  of  the  project  were  to  study  the  capability  of  the  micro- 
thermal  analyzer  to  measure  the  glass  transition  of  these  inks  on 
fiber,  to  compare  these  results  to  those  obtained  using  traditional 
thermomechanical  analysis  (TMA)  on  flat  films,  and  to  study  the 
effects,  if  any,  that  pigment  color  has  on  the  glass  transition 
temperature  of  the  product. 


Two  different  sets  of  flat  film  samples  were  prepared  for  the  TMA 
experiments.  One  set  of  drawdowns  was  prepared  with  a  thickness 
of  75  microns  and  another  with  a  film  thickness  of  25  microns. 
These  were  cured  on  a  Fusion  UV  curing  unit  at  1 .0  J/cm2  using  a 
“D”  lamp.  The  inked  fibers  were  prepared  using  CPC-6  fiber  on  a 
Nextrom  OFC  52  inking  machine  at  1000  m/min,  with  one  600- watt 
power  D-type  lamp.  The  system  was  purged  with  nitrogen  at  a  rate 
of  40  liters  per  minute. 

The  flat  film  samples  were  analyzed  by  thermomechanical  analysis 
on  a  TA  Instruments’  2940  TMA  using  a  heating  rate  of  5°C/min 
and  an  expansion-type  probe.  The  data  obtained  was  analyzed  using 
the  Universal  Analysis  software  from  TA  Instruments. 

The  fiber  samples  were  analyzed  with  the  p-TA  2990  in  the 
localized  thermal  analysis  mode.  Prior  to  fiber  analysis,  instrument 
calibration  was  performed  by  using  a  series  of  polymer  standards. 
Once  this  was  completed,  the  selected  fiber  was  mounted  onto  the 
sample  wafer,  and  the  instrument  was  cooled  via  liquid  nitrogen  to  - 
70°C.  Using  the  video  monitor,  a  suitable  location  on  the  sample 
surface  was  selected  and  the  probe  was  engaged  to  the  surface.  The 
probe  was  then  heated  at  a  rate  of  25°C/sec  and  the  vertical  position 
of  the  probe  was  monitored  by  the  instrument.  In  this  manner,  the 
softening  point  could  be  easily  detected,  which  in  these  amorphous 
samples,  correlated  with  the  glass  transition.  Several  replicates  were 
performed  for  each  sample. 

3.  Micro-thermal  Analysis  Results: 

Once  the  surface  of  the  sample  was  examined  via  optical 
microscopy  and  a  suitable  location  for  analysis  was  selected,  and 
the  sample  was  cryogenically  cooled,  each  temperature  ramp  took 
less  than  30  seconds,  so  it  was  possible  to  run  several  replicates  for 
each  sample.  Care  had  to  be  taken  when  engaging  the  probe  that  it 
was  not  grazing  the  side  of  the  fiber  or  on  a  point  of  too  great 
curvature.  It  was  observed  that  the  thermograms  had  a  very  bumpy 
appearance  and  the  transitions  were  not  extremely  reproducible.  On 
several  occasions,  the  curves  displayed  what  appeared*  to  be 
multiple  transitions. 


Figure  1.  Localized  thermal  analysis  of  violet  ink  on  fiber. 
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Figure  2.  Localized  thermal  analysis  of  red  ink  on 
fiber. 


The  reason  for  this  type  of  behavior  is  believed  to  lie  in  the  nature 
of  pigmented  systems.  Inks  are  inherently  heterogeneous  materials, 
with  pigment  particles  dispersed  throughout  the  bulk  of  the 
material.  The  size  of  these  particles  ranges  from  0.1  microns  to  as 
much  as  3  microns,  yet  the  tip  of  the  probe  used  for  the  microscopic 
thermal  analysis  is  sub-micron  in  size.  Hence,  it  is  likely  that  the 
probe  may  come  to  rest  upon  a  pigment  particle,  which  could 
influence  the  shape  of  the  curve,  as  well  as  the  temperatures  at 
which  transitions  are  observed. 

It  is  also  possible  that  the  small  relative  size  of  the  probe  to  the 
material  makes  it  possible  to  detect  microscopic  heterogeneity  in 
the  cured  film.  If  the  pigment  is  interfering  with  the  photoinitiator 
and  leading  to  inhomogeneous  cure,  then  perhaps  small  variations 
in  cross-link  density  are  being  detected  by  the  micro-thermal 
analyzer.  This  could  lead  to  the  bumpy  appearance  of  the 
thermograms  or  to  the  appearance  of  multiple  transitions. 

Another  hypothesis  presented  is  related  to  the  localized  nature  of 
the  heating  by  the  probe.  It  is  possible  that  the  small  probe  is 
heating  such  a  thin  layer  (<  0.1  pm)  of  the  coating  film,  that  once  it 
penetrates  the  first  layer,  it  is  essentially  beginning  with  a  new 
layer,  which  could  give  rise  to  the  appearance  of  multiple 
transitions. 

The  thermograms  selected  for  this  study  were  those  which 
displayed  the  smoothest  profiles  and  most  obvious  transitions.  The 
glass  transition  temperature  was  determined  by  finding  the  point  at 
which  the  slope  of  the  curve  changed. 

Seven  of  the  twelve  colors  display  a  softening  point  at  or  around 
50°C  by  this  technique.  The  other  colors  show  some  variation  in  the 
surface  Tg  in  the  range  of  40-60°C.  This  seems  to  be  indicative  that 
pigment  type  and/or  colorant  is  indeed  having  some  impact  on  the 
physical  properties  of  the  material. 


4.  Comparison  between  the  two 
techniques: 

The  thermograms  generated  on  the  flat  films  by  traditional 
thermomechanical  analysis  were  generally  much  smoother  and 
more  predictable  than  those  generated  by  micro-thermal  analysis. 
The  probes  used  for  this  type  of  analysis  have  such  a  large  contact 
area,  that  they  essentially  averages  out  any  sort  of  microscopic 
variations  in  properties  of  the  material.  Thus,  the  softening  point 
observed  by  the  probe  would  be  that  for  the  bulk  of  the  sample.  Of 
course,  this  technique  also  requires  a  sample  much  larger  than  the 
diameter  of  an  optical  fiber. 


Micro-TA  Results 


Figure  3.  Glass  transition  of  inks  on  fiber  as 
determined  by  micro-thermal  analysis 

The  results  obtained  with  TMA  on  flat  films  showed  a  similar  range 
of  glass  transition  values  for  the  series  of  inks,  from  38-62°C.  The 
numbers  found  by  TMA  on  flat  films  did  not  always  correlate  with 
the  numbers  found  by  micro-thermal  analysis  on  inked  fibers.  This 
demonstrates  the  importance  of  the  capability  of  measuring  physical 
properties  on  fiber  as  opposed  to  flat  films. 


Figure  4.  Graphical  comparison  of  glass  transition 
values  for  each  ink  color,  as  determined  by  the  two 
techniques 
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Table  1.  Glass  Transitions  Temperatures 


Color 

T„  bv  u-TA  f  C) 

T0  by  TMA  (°C) 

Aqua 

56 

50 

Brown 

49 

54 

Green 

54 

62 

Blue 

57 

43 

Orange 

50 

39 

Slate 

61 

48 

Black 

45 

39 

Rose 

51 

55 

Yellow 

44 

47 

Violet 

49 

44 

Red 

52 

45 

White 

52 

52 

Figure  5.  Traditional  thermomechanical  analysis  of 
a  film  made  of  a.  Violet  ink  and  b.  Red  ink 

5.  Conclusions: 

The  use  of  a  microthermal  analyzer  for  the  determination  of  ink  Tg 
on  optical  fiber  is  a  novel  application  of  the  technique.  The  data 
showed  that  the  thermal  probe  is  capable  of  detecting  microscopic 
heterogeneities  within  the  pigmented  material.  This  can  sometimes 
prove  to  be  problematic  if  the  purpose  of  the  experiment  is  to 
determine  an  average  value  for  the  glass  transition  of  the  material. 
However,  if  several  replicates  are  performed  on  various  locations  of 
the  ink  surface,  it  can  be  possible  to  determine  an  average  value  for 
the  material. 


The  results  obtained  with  both  the  micro-thermal  analysis  on  the 
fibers  and  the  macro-TMA  on  the  flat  films  showed  variation  in  the 
glass  transition  values  for  the  different  colors.  The  range  was  the 
same  for  both  techniques,  from  approximately  40-60°C.  However, 
the  data  between  the  TMA  and  the  (i-TA  did  not  always  correlate. 
This  is  attributed  to  two  different  factors.  The  first  is  the  fact  that 
the  size  of  the  thermal  probe  relative  to  the  sample  is  much  larger  in 
the  TMA  than  in  the  ji-TA.  Thus,  the  bulk  behavior  of  the  material 
is  detected  with  the  TMA,  while  more  microscopic  behavior  is 
observed  with  the  |i-TA.  The  second  factor  to  consider  when 
observing  the  data  differences  between  the  techniques  is  that  the 
samples  analyzed  were  processed  differently.  It  is  possible  that 
under  the  very  fast  cure  conditions  of  the  inking  line  that  the 
material  properties  develop  differently.  This  emphasizes  the 
importance  of  developing  techniques  to  reliably  examine  the 
physical  properties  of  the  inks  in  situ  rather  than  with  flat  films. 
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Abstract 

Relationships  between  fictive  temperature,  defined  as  the 
temperature  at  which  the  glass  would  be  at  equilibrium  if  brought 
to  that  temperature,  and  many  glass  properties  such  as  mechanical 
properties  are  reported  in  the  literature.  Such  relationships  are  of 
great  interest  for  optical  fibers. 

Fibers  were  drawn  under  different  conditions  of  diameter,  speed, 
tension  and  overclad  viscosity.  Their  fictive  temperatures  and 
mechanical  strength  were  measured  to  relate  the  draw  condition  to 
the  fiber  characteristics.  The  surface  fictive  temperatures  of  silica 
glass  optical  fibers  were  measured  using  IR  reflection 
spectroscopy  with  a  microscope  attachment.  A  new  relation 
between  IR  peak  wavenumber  of  the  silica  structural  band  and  the 
fictive  temperature  is  derived.  The  fiber  surface  fictive 
temperature  depends  strongly  on  fiber  diameter,  draw  tension  and 
overclad  viscosity.  It  is  demonstrated  that  the  surface  fictive 
temperature  and  hence  the  surface  structure  is  set  before  the  fiber 
exits  the  draw  furnace.  The  dynamic  fatigue  behavior  of  the  fiber 
was  also  found  to  depend  on  its  surface  fictive  temperature. 


Keywords 

Fiber;  mechanical  properties 


1.  Introduction 

A  glass  can  have  different  structure  and  properties  depending 
upon  its  thermal  history.  This  is  attributed  to  a  different  fictive 
temperature1,  i.e.  the  temperature  at  which  the  liquid  structure 
froze  to  turn  into  a  glass.  Usually  a  glass  cooled  rapidly  has  a 
higher  fictive  temperature  than  a  glass  cooled  slowly.  Also 
impurities  change  the  structural  relaxation  of  silica  glass.  A  few 
ppm  of  A1  impurities  increase  the  fictive  temperature  of  the  glass2. 
A  silica  glass  with  a  higher  fictive  temperature  has  higher 
mechanical  strength3,  greater  mechanical  fatigue  resistance3, 
lower  viscosity4,  and  higher  light  scattering  intensity5  due  to 
greater  density  fluctuation  and  greater  HF  etching  rate6.  Often  the 
fictive  temperature  of  a  glass  surface  is  different  from  that  of  the 
bulk7.  Since  glass  properties  such  as  chemical  durability  and 
mechanical  properties  are  greatly  influenced  by  the  surface 
conditions  of  the  glass,  it  is  important  to  determine  the  surface 
fictive  temperature  separately  from  the  bulk  fictive  temperature. 

Recently,  we  found  a  simple  IR  method  to  determine  the  fictive 
temperature  of  silica  glass8.  In  this  method,  we  use  an  empirical 
relation  that  exists  between  the  IR  peak  position  of  the  silica 
structural  band  and  the  glass  fictive  temperature.  The  IR  structural 
band  peak  position  reflects  the  Si-O-Si  bond  angle9.  IR  absorption 


can  determine  the  bulk  fictive  temperature,  while  IR  reflection  can 
determine  the  fictive  temperature  of  a  surface  layer  of  ~0.5jim.  In 
this  paper  effect  of  fiber  drawing  conditions  on  the  surface  fictive 
temperature  and  mechanical  strength  of  the  resulting  optical  fibers 
were  investigated.  In  general,  a  faster  cooling  rate  results  in  a 
higher  fictive  temperature  of  the  glasses.  In  the  commercial 
optical  fibers,  however,  the  diameter  of  the  fiber  has  to  be  fixed  at 
125  pm,  and  cooling  rate  cannot  be  varied  without  changing  other 
parameters  such  as  temperature  of  fiber  drawing  and  the  fiber 
drawing  tension.  Therefore,  in  the  present  research,  the  design  of 
experiment  (DOE)  method  was  used  to  isolate  the  effect  of  the 
individual  parameter  of  fiber  drawing  conditions. 

2.  Experimental  Procedure 

2.1  Fiber  Drawing 

A  design  of  experiment  was  built  to  determine  the  effect  of  the 
fiber  thermal  history  on  fictive  temperature  and  mechanical 
strength.  Three  draw  parameters  were  included  into  the  design  of 
experiment:  draw  speed,  draw  tension  and  fiber  diameter  since 
they  affect  greatly  the  fiber  cooling  rate.  A  fourth  parameter,  the 
concentration  in  A1  impurities  in  the  preform  overclad  was  also 
considered  since  it  varies  the  glass  viscosity  and  hence  the  draw 
temperature  of  the  fiber.  The  whole  design  of  experiment  is 
presented  in  Table  1.  The  fiber  were  draw  in  random  order  to 
exclude  any  order  effect.  Five  preforms  were  used  to  achieve  all 
the  conditions  of  the  design  of  experiment.  However,  during  the 
statistical  analysis,  it  was  confirmed  that  no  preform  effect 
skewed  the  results. 


Table  1.  Table  of  experimental  conditions 


International  Wire  &  Cable  Symposium 


650 


Proceedings  of  the  49th 


2.2  Mechanical  Strength  Testing 

The  fiber  strength  was  measured  using  a  Fiber  Sigma  two  point 
bending  apparatus.  The  fiber  were  tested  at  five  different  stress 
rates  (  0.3,  3,  30,  300,  3000  MPa/s)  in  a  controlled  atmosphere 
(humidity  50%  ±  5%,  temperature  23°C  ±  2).  Thirty  samples  were 
measured  at  each  stress  rate.  The  dynamic  stress  corrosion 
susceptibility  factor  is  determined  for  each  fiber  using  the 
following  equation: 

logfcr  f )  =  +  intercept  (1 ) 

nd+ 1 

A  measurement  example  is  shown  in  Figure  1. 


Figure  1.  Dynamic  fatigue  results  for  fiber  13.  The 
n-value  is  18.7. 


2.3  Fictive  Temperature  Measurement 

First,  the  fictive  temperature  vs.  IR  reflection  peak  wavenumbers 
relation  was  obtained  in  order  to  use  it  as  the  calibration  curve. 
The  fibers  coating  was  removed  by  immersing  the  fiber  in  hot 
sulfuric  acid-nitric  acid  (98%  H2SO4  —2%  HNO3)  solution  at 
200°C  for  30  seconds.  The  bare  fibers  produced  in  this  manner 
was  heat-treated  at  selected  temperature;  1300°C,  1  hrs;  1200°C, 
6  hrs;  1 100°C,  66  hrs  and  1000°C,  200  hrs  and  quenched  to  fix  the 
structure  at  the  heat-treatment  temperatures.  These  heat-treatment 
conditions  are  known  to  be  sufficient  to  establish  metastable 
equilibrium  states  at  each  temperature.  The  IR  reflection  spectrum 
of  the  fiber  was  obtained  using  a  Nicolet  FTIR  with  SpectraTech 
microscope  attachment.  The  beam  size  employed  was  20pm  x  120 
pm  with  the  longer  dimension  being  parallel  to  the  fiber  axis. 
Figure  2  shows  a  typical  IR  reflection  spectrum  where  a  reflection 
angle  of  28°  was  used  and  1000  scans  were  taken. 


Figure  2.  An  example  of  IR  reflection  spectrum  of 
a  silica  glass  optical  fiber  surface.  Reflection 
angle  28  degree  and  an  aperture  size  of  20pm  x 
120  pm  with  the  120  pm  side  parallel  to  the  fiber 
axis  were  used. 

It  has  been  shown9,10  that  the  IR  structural  band  near  -1 120  cm'1 
is  due  to  asymmetric  stretching  vibration  of  the  Si-O-Si  bond  and 
that  the  peak  position  reflects  the  Si-O-Si  bond  angle10.  Also,  it 
was  shown  earlier  that  the  peak  position  of  this  band  correlates 
with  the  fictive  temperature  of  silica  glass8.  The  IR  reflection  peak 
shifts  to  a  larger  wavenumber  as  the  fictive  temperature  decreases. 
This  indicates  that  the  Si-O-Si  bond  angle  increases  with 
decreasing  fictive  temperature.  The  data  is  usually  analyzed  using 
an  empirical  relationship  such  as  in  Figure  3. 


d  =  1113.616 +  [13246/Tf(K)j 


Figure  3.  IR  reflection  peak  wavenumber  vs.  the 
reciprocal  of  the  absolute  surface  fictive 
temperature  of  silica  glass  optical  fibers. 
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The  straight  line,  which  is  the  least  square  fit  to  the  data  can  be 
expressed  as 

v  (cm'1)  =  1113.616  +  [13246  /Tf(K)]  (2) 

where  v  (cm'1)  is  the  IR  reflection  peak  wavenumber  and  Tf  is  the 
corresponding  fictive  temperature  in  the  absolute  temperature 
scale.  However,  Devine  and  Marchand13  found  that  the  IR 
wavenumber  and  silica  glass  density  is  linearly  related.  Since  the 
density  is  likely  to  change  linearly  with  the  fictive  temperature 
rather  than  with  the  reciprocal  of  temperature,  the  same  data  are 
plotted  in  the  linear  temperature  scale  in  Figure  4. 


— j — ■ — - — 1 — i — ■ j _ . _ i _ , i _ , _ , _ 
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Tf(K) 

v  =  1132.371  -  0.0066T,(K) 

Figure  4.  The  IR  reflection  peak  wavenumber  vs. 
the  absolute  surface  fictive  temperature  of  silica 
glass  optical  fibers. 

The  straight  line,  which  is  the  least  square  fit  to  the  data  can  be 
expressed  as 

v  (cm'1)  -  1 132.371  ~  0.00660  Tf  (K)  (3) 

The  fictive  temperature  of  a  glass  is  known  to  be  dependent  on  the 
cooling  rate  of  the  glass21’ 22  with  the  higher  cooling  rate  resulting 
in  a  higher  fictive  temperature,  by 

d  In  |q|/d  (1/Tf)  =  A  -  AH/R  (4) 

where  q  is  the  cooling  rate,  A  is  a  constant,  AH  is  activation 
energy  and  R  is  the  gas  constant.  Using  this  relation,  the  fictive 
temperature  of  silica  optical  fiber  can  be  estimated.  The  fictive 
temperature  of  an  annealed  silica  glass,  which  is  cooled  at  a  rate 
of  a  few  °C/min.,  would  be  close  to  its  glass  transition 
temperature,  1200°C.  The  cooling  rate  of  the  silica  optical  fiber 
with  a  diameter  of  125  pm  at  its  softening  point,  1750°C,  is 
estimated  to  be  ~  6.5x1 03  °C/s  using  an  equation  derived  by  Paek 
and  Kurkjian16.  Using  the  activation  energy,  AH,  for  the  viscous 
flow,  170  kcal/mol  4,  the  fictive  temperature  of  the  glass  fiber  is 


estimated  to  be  ~  1600°C.  This  value  is  closer  to  the  fictive 
temperature  estimated  by  the  linear  extrapolation.  Consequently, 
equation  (3)  will  be  used  in  the  remainder  of  the  present  paper. 

The  IR  reflection  peak  wavenumbers  of  the  as-drawn  silica  optical 
fiber  prepared  under  various  drawing  conditions  were  measured  at 
5  different  locations  for  each  fiber  and  the  average  and  the 
standard  deviation  were  calculated.  The  obtained  average  IR 
reflection  peak  wavenumbers  were  converted  to  the  fictive 
temperatures  using  equation  (3)  assuming  that  the  linear 
relationship  extends  to  higher  temperatures. 

3.  Results 

3.1  Mechanical  Strength 

The  measured  nd  values  range  from  18  to  30  with  an  error  bar  of  ± 

1. 

The  mechanical  strengths  were  analyzed  in  terms  of  nd  and 
intercept.  The  statistical  analysis  only  showed  an  effect  of  the 
fiber  diameter  on  nd  and  intercept;  the  noise  on  the  experimental 
values  being  too  high  to  extract  the  other  parameters  impact. 

3.2  Surface  Fictive  Temperature 

The  present  method  of  fictive  temperature  determination  assumes 
the  linear  extrapolation  of  the  IR  peak  wavenumber-fictive 
temperature  relationship  to  higher  temperatures.  The  fictive 
temperature  obtained  using  equation  (3)  was  approximately 
1650°C  ~1750°C. 

The  statistical  analysis  of  the  design  of  experiment  gave  good 
results:  there  is  no  aberrant  value  and  the  standard  deviation  of  the 
design  is  95%.  From  this  analysis  Equation  5  is  derived  to  predict 
fictive  temperature.  The  error  on  the  fictive  temperature  predicted 
by  this  equation  is  of  ±  17°C. 

Tf  =  1765.5  -  0.91  0+  0.14  c  +  0.29  a  (5) 

where  Tf  is  the  predicted  surface  fictive  temperature  in  °C,  0  is 
the  fiber  diameter  in  pm,  a  is  the  draw  tension  in  g  and  a  is  the  A1 
content  in  ppm.  The  draw  speed  is  not  included  in  the  equation 
since  there  was  no  significant  effect  on  the  fiber  surface  fictive 
temperature. 

3.3  Relation  Between  Mechanical  Strength  and 
Surface  Fictive  Temperature 

The  dynamic  stress  corrosion  susceptibility  factor  values  were 
plotted  against  fictive  temperature  (Figure  5).  nd  appears  to 
increase  with  fictive  temperature  with  a  significant  change  of 
slope  for  a  temperature  around  1650°C.  Statistically  significant 
relation  could  be  found  between  nd  and  fictive  temperature: 

nd  =3788  -  4.532  x  77’  +  1.362xl0“3x7)r2  (6) 


j 
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Surface  Active  temperature  (°C) 


Figure  5.  Dynamic  stress  corrosion  susceptibility 
factor,  nd  versus  fictive  temperature. 

The  strength  of  the  fibers  was  plotted  versus  the  surface  fictive 
temperature  (see  Figure  6).  For  high  stress  rate,  the  strength  of  the 
fiber  decreases  with  the  surface  fictive  temperature  in  the  high 
fictive  temperature  range.  As  for  nd  a  change  of  slope  is  observed 
around  1650°C.  Below  this  temperature,  the  mechanical  strength 
is  almost  constant.  However  for  lower  stress  rate,  the  strength 
remains  constant  on  the  whole  fictive  temperature  range  studied 
here. 
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Figure  6.  Mechanical  strength  of  fibers  versus 
measured  fictive  temperature. 


4.  Discussion 

The  fictive  temperatures  of  the  silica  optical  fibers  were  estimated 
using  the  relation  between  the  IR  reflection  peak  wavenumber  and 
fictive  temperature  obtained  in  the  glass  transition  temperature 
range  shown  in  Figure  4  and  extrapolating  the  straight  line  to 


higher  temperatures.  The  extrapolation  assumes  that  with 
increasing  fictive  temperature,  the  IR  structural  band  wavenumber 
continues  to  decrease  and  correspondingly  the  Si-O-Si  bond  angle 
continues  to  decrease.  Since  the  extrapolation  is  extensive,  there 
can  be  a  substantial  error  in  the  absolute  magnitude  of  the 
estimated  high  fictive  temperature.  Furthermore,  since  silica 
glasses  exhibit  a  peculiar  relation  between  the  specific  volume  and 
fictive  temperature11,  with  the  volume  becoming  a  minimum  at 
around  1500°C,  even  the  extrapolated  trend  of  the  relation  itself 
may  be  in  doubt.  However,  there  are  supporting  evidences  for  the 
present  analysis.  First,  molecular  dynamic  calculation12  showed 
that  the  Si-O-Si  bond  angles  continue  to  decrease  with  increasing 
fictive  temperature,  consistent  with  the  present  assumption. 
Second,  a  structural  study  by  Devine  and  Marchand13  also 
showed,  again  consistent  with  the  current  analysis,  that  chemically 
vapor  deposited  silica,  which  is  expected  to  have  a  very  high 
fictive  temperature,  had  an  extremely  small  IR  peak  wavenumber 
and  a  corresponding  small  Si-O-Si  bond  angle.  They  estimated 
that  the  fictive  temperature  of  the  silica  made  by  chemical  vapor 
deposition  is  in  excess  of  2400°C.  Furthermore,  Lee  et  al's 
finding14  of  a  high  defect  concentration  in  the  optical  fiber 
especially  near  the  surface  appears  consistent  with  the  high  fictive 
temperatures  obtained  by  the  present  analysis. 

The  other  concern  is  the  effect  of  the  residual  stress  on  the  IR 
measurement.  Since  the  stress  can  cause  the  shift  of  the  IR  peak13, 
it  could  influence  the  fictive  temperature  determination  from  the 
IR  peak  position.  According  to  Paek  and  Kurkjian16  and  Kurkjian 
and  Paek17,  residual  stress  in  the  fiber  cladding  can  be  generated 
either  from  the  difference  in  thermal  expansion  coefficient 
(thermal  effect)  of  the  core  and  cladding  or  from  the  difference  in 
viscosity  (mechanical  effect)  of  the  core  and  cladding.  The 
magnitude  of  the  former  is  independent  of  the  fiber  draw  tension 
while  the  magnitude  of  the  latter  increases  with  increasing  draw 
tension.  The  measured  axial  stress  in  the  cladding  of  an  optical 
fiber  with  Ge02-doped  core-Si02  cladding  was  found  to  be  a  few 
Kg/mm2  18,19  consistent  with  the  theory.  The  amount  of 
wavenumber  shift  of  the  IR  peak  of  silica  glass  by  uniaxial  stress 
was  found15to  be  ~  0.5  cm'VGPa.  Consequently,  the  peak  shift 
which  can  be  caused  by  the  expected  range  of  the  residual  stress 
in  the  optical  fiber  is  estimated  to  be  ~0.02  cm"1,  which  is  within 
the  experimental  error.  Therefore,  the  magnitude  of  the  residual 
stress  commonly  found  in  the  optical  fiber  is  expected  to  have  no 
measurable  influence  on  the  present  measurements.  Furthermore, 
similar  IR  wavenumber  was  obtained  for  pure  silica  glass  fiber 
without  core,  which  cannot  have  the  type  of  the  residual  stress 
discussed  above.  When  silica  glass  fibers  with  a  thinner  diameter 
of  6-25]nm  are  produced  at  a  higher  temperature  such  as 
2200~2400°C,  birefringence  was  observed20  but  the  corresponding 
stress,  again,  is  too  small  to  influence  the  IR  peak  positions 
measurably.  Thus,  the  observed  low  IR  peak  wavenumber  cannot 
be  attributed  to  the  residual  stress  and  is  likely  due  to  the  high 
fictive  temperature  of  the  fiber. 

The  relationship  between  the  drawing  parameters  and  the  fictive 
temperature  is  clearly  established  by  Equation  5.  In  this  equation, 
it  seems  peculiar  that  the  draw  speed  which  in  general  affects 
greatly  the  cooling  rate  of  the  fiber  would  have  no  impact  on 
fictive  temperature.  The  draw  speed  changes  the  glass  temperature 
most  noticeably  when  the  glass  moving  speed  is  close  to  fiber 
draw  speed,  that  is  when  the  fiber  diameter  is  about  stabilized  at 
125  pm.  The  fiber  diameter  reaches  its  nominal  value  at  a 
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Abstract 

In-building  radiating  cable  systems  have  unique  concerns  not 
encountered  in  other  applications.  Not  only  are  common  concerns 
such  as  the  electrical  and  mechanical  aspects  of  the  cable  to  be 
considered  but  the  fire  ratings  are  to  be  addressed  as  well.  A  cable 
has  been  developed  that  eliminates  the  need  for  mica  tape,  as  well  as 
Teflon,  both  of  which  would  add  considerably  to  the  cable’s  cost. 
This  new  cable  differs  from  conventional  plenum  radiating  cables  in 
two  respects;  the  inner  conductor  is  fitted  with  discs  and  the  outer 
conductor  consists  of  annularly  corrugated  aluminum. 

This  paper  discusses  a  new,  low-cost  plenum-rated  radiating  cable, 
which  does  not  sacrifice  electrical  performance  or  mechanical 
integrity. 

Keywords 

Radiating,  Leaky,  in-building.  Plenum,  coax  cable. 

1.  Introduction 

Radiating  cables  used  for  in-building  applications  must  conform 
to  strict  fire  codes  as  well  as  perform  adequately  both  electrically 
and  mechanically.  In-building  cables  are  specially  constructed  to 
conform  to  the  National  Electric  Code’s  definition  of  a  V-rated, 
riser  rated  or  the  more  stringent  plenum  rating.  Because  of  these 
requirements,  simply  applying  a  low-smoke  polyvinylchloride 
jacket  to  a  cable  is  not  normally  sufficient  to  obtain  a  plenum 
rating.  Usually  some  other  approach  to  cable  design  is  needed 
such  as  incorporating  a  layer  of  mica  tape  or  using  Teflon. 

In  addition  to  mica  tape  or  Teflon,  plenum  rated  radiating  cables 
are  typically  constructed  of  a  copper-clad  center  conductor  with  a 
spiral  polyethylene  material  formed  over  it  to  serve  as  the 
dielectric.  Because  of  the  tight  bending  radii  typically  encountered 
in  building  installations,  a  corrugated  outer  conductor  is  chosen  to 
provide  flexibility.  For  this  new  cable,  a  corrugated  aluminum 
outer  conductor  was  chosen,  however  the  traditional  spiral 
dielectric  commonly  seen  in  plenum  radiated  cables  was 
abandoned  in  favor  of  another  construction. 

The  center  conductor  of  this  new  cable  is  fitted  with  discs  made  of 
polyethylene  injection  molded  onto  the  center  conductor.  This 
construction  substantially  reduced  the  amount  of  plastic  in  the 
cable.  A  corrugated  aluminum  outer  conductor  is  then  formed 
over  this  disc/center  conductor  assembly.  Next,  slots  were  cut  into 
the  cable  by  milling  off  the  peaks  of  corrugation  on  opposite  sides 
of  the  outer  conductor.  Lastly,  a  low-smoke  PVC  jacket  is 
extruded  over  the  construction. 

2.  Mechanical  Concerns 

In-building  systems  are  typically  designed  using  half-inch 
radiating  cable.  This  diameter  of  cable  is  chosen  because  of  the 
electrical  requirements  of  the  cable  and  the  tight  bending  demands 
commonly  seen  in  buildings.  Because  of  the  confined  spaces  the 


mechanical  integrity  of  the  cable  is  important  making  smaller 
diameter,  lighter,  and  easily  bendable  cable  a  requirement. 

Cable  weights  are  also  a  concern  because  the  area  in  which  the  cable 
is  routed  such  as  false  ceilings  is  usually  not  made  to  support 
additional  weight.  Larger  diameter  cables  can  weigh  as  much  as 
1.07  lbs./ft.  A  competitor’s  ^’’-radiating  cable  is  rated  at  .16  lbs./ft, 
where  this  new  cable  weighs  .125  lbs./ft.  This  is  some  30%  lighter. 
The  ability  of  a  cable  to  bend  readily  into  the  tight  spaces  commonly 
encountered  in  buildings  is  a  major  concern.  This  new  cable  has  a 
minimum-bending  radius  of  five  inches,  which  is  small  enough  to 
bend  around  the  most  restrictive  spaces. 

A  cable’s  bending  moment,  the  amount  of  force  needed  to  start  the 
cable  to  bend,  is  a  measure  of  how  readily  a  cable  can  be 
maneuvered  into  tight  spaces.  This  new  cable  will  bend  when  a 
force  of  25  ft*Lbs.  is  applied,  slightly  lower  than  the  3  ft.*Lbs 
needed  to  bend  a  competitor’s  model. 

3.  Fire  Rating  Concerns 

The  National  Electric  Code  defines  three  fire-rating  classifications 
in  which  coaxial  cable  used  for  in-door  applications  must 
conform.  They  are  V  (UL1 58 1/CATV),  riser  (UL1 666/C ATVR), 
and  plenum  ratings  (UL910/CATVP).  The  (UL1 6  66/C  ATVR) 
riser  rating  allows  cables,  which  achieve  this  rating  to  be  routed 
between  floors  in  such  areas  as  elevator  shafts,  and  stairwells. 
Cables  of  this  variety  consist  of  non-halogenated  fire-retardant 
jackets  and  meet  low  toxicity  and  smoke  requirements. 

The  more  stringent  plenum  rating  is  required  for  cable 
installations  in  air  ducts,  plenums,  or  other  air-handling  spaces. 
Plenum  rated  cables  are  required  to  meet  flame  propagation 
restrictions,  and  low  smoke  and  toxicity  requirements.  This  new 
cable  is  manufactured  with  discs  consisting  of  a  polyethylene 
material  suitable  for  plenum  applications. 

4.  Electrical  Concerns 

The  main  electrical  concerns  of  any  radiating  cable  system  are 
insertion  loss,  and  coupling  loss.  A  cable’s  insertion  loss  is  the 
attenuation  in  a  cable  due  to  the  losses  in  the  conductors  and 
dielectric.  The  coupling  loss  refers  to  the  difference  in  signal 
levels  from  what  is  received  by  a  portable  radio  to  what  is 
inputted  into  a  system.  Typically,  this  quantity  is  specified  in 
some  median  value  for  some  specified  distance  from  the  cable. 
Because  of  the  limitations  imposed  by  space  and  bending 
restrictions,  only  smaller  diameter  cables  are  practical  for  in¬ 
building  applications.  Therefore,  a  V2”  diameter  cable  is 
commonly  used.  A  cable  of  this  size  can  be  expected  to  provide  a 
usable  signal  up  to  sixty  feet  away  from  the  cable.  This  is  usually 
enough  to  illuminate  an  entire  room. 

4.1  Electrical  Measurements 

Attenuation  measurements  of  the  cable  taken  while  the  cable  was 
suspended  two  inches  from  a  concrete  floor  show  a  loss  in  the 
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order  of  3.9  dB/100’  at  800  MHz.  Figure  1  shows  a  plot  of  the 
attenuation  values  at  various  frequencies. 


-  Frequency  (MHz) 

;;;  —  i  i  i  . i . zzizli 

Figure  1.  Plot  of  attenuation  values  per  100 
feet  of  new  model  of  radiating  plenum  cable 

Median  coupling  loss  measured  64  db  at  800  MHz.  Figure  2 
shows  a  plot  of  how  the  measured  coupling  loss  varied  for 
frequencies  adjacent  to  800  MHz.  Because  of  the  extremely  low 
value  of  plastic  in  the  cable,  its  velocity  of  propagation  measures 
93%  of  C. 


Figure  2.  Median  coupling  loss  values  measured 
at  a  distance  of  20  feet  from  the  cable. 


5.  System  Design  Concerns 

5.1  Hardware  &  Equipment 

In-building  radiating  systems  typically  consist  of  an  external 
antenna,  bi-directional  amplifier,  and  radiating  cable,  connectors, 
hangers,  and  terminations.  Notice  in  figure  3;  cable  ties  are  used 
to  support  a  radiating  cable  above  a  false  ceiling.  These  ties  are 
spaced  three  to  four  feet  apart.  If  the  cable  is  to  be  mounted  to 
concrete  or  plaster  walls,  a  self-locking  hanger  is  suggested,  along 
with  a  stand  off. 


Figure  3.  Drawing  showing  a  method  of 
mounting  radiating  cable  above  a  false 
ceiling 


Most  designs  employ  an  external  antenna  mounted  on  top  of  the 
structure  feeding  the  radiating  system.  From  there,  a  jumper  is 
attached  connecting  the  bi-directional  amplifier  to  a  length  of 
riser-rated  non-radiating  coax  routed  between  the  floors.  At  each 
floor  the  radiating  cable  is  attached  to  the  riser  cable  by  means  of 
a  power  splitter.  At  the  end  of  the  radiating  cable  a  fifty-Ohm 
terminating  load  is  attached.  Should  a  cable  run  end  in  a  larger 
room,  a  small  antenna  may  be  substituted.  Both  examples  are 
shown  in  figure  4. 


5.2  Mounting  Concerns 

Focusing  our  attention  at  the  top  of  the  configuration  with  the 
external  antenna,  the  mounting  concerns  are  the  same  as  with  any 
roof-mounted  installation.  The  antenna  should  be  securely 
mounted  to  the  building  and  away  from  potential  interferers. 
From  there,  a  jumper  is  attached  connecting  a  bi-directional 
amplifier  located  near  by.  On  the  output  side  of  the  amplifier  is 
attached  a  length  of  riser-rated  cable.  This  cable  is  routed  through 
the  floors  by  way  of  an  elevator  shaft  or  stair  well.  This  span  can 
be  mounted  to  the  wall  by  means  of  self-locking  clamps.  The 
radiating  cable  is  then  attached  to  this  cable  at  each  floor  by 
means  of  a  cable  tap. 
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Since  the  mounting  configuration  of  the  radiating  cable  will  affect 
its  performance,  some  thought  should  be  put  into  its  routing. 
Materials  such  as  concrete,  metal,  etc.,  change  the  radiation 
characteristics  of  the  cable.  The  cable  may  be  mounted  above  the 
false  ceiling  and  secured  to  the  tile  beams  by  means  of  cable  ties 
as  shown  in  figure  4.  At  the  end  of  the  cable  run,  a  fifty-Ohm 
termination  or  low  gain  antenna  is  needed  to  properly  terminate 
the  cable. 


5.3  Design  Example 

Buildings  are  complex  structures  requiring  coverage  in  relatively 
open  spaces,  narrow  corridors,  staircases,  and  elevator  shafts. 
Because  of  the  common  construction  materials,  and  the  affect 
these  materials  have  on  a  propagating  RF  signal,  the  propagation 
loss  in  such  an  environment  is  higher  than  in  an  open 
environment.  However,  a  relatively  uniform  and  reliable  coverage 
may  be  achieved  by  properly  designing  the  system. 

In  this  example,  a  four-story  building  is  to  be  fitted  with  a 
radiating  cable  system.  We  will  incorporate  the  method 
previously  discussed,  which  utilized  existing  coverage  outside  the 
structure  and  extending  this  coverage  into  the  structure  by  means 
of  a  bi-directional  amplifier  and  radiating  cable.  A  rough  lay  out 
is  shown  in  figure  5. 


Figure  5.  Four-story  building  radiating  cable 
design  example 


To  determine  the  estimated  signal  level  seen  by  a  hand  held 
portable  in  the  building  we  add  the  gains  and  losses  of  each 
element  in  the  system. 


Forward  path  (tower  to  building) 

Input  from  transmitter  +10  db 

Attenuation  (200  feet  of  7/8”  coax  at  894  MHz)  -2.4  dB 

Gain  of  Bi-directional  Amplifier  +30  dB 

Attenuation  (50  feet  of  14”  coax  at  894  MHz)  -1.03 

dB 

Power  Divider  Loss  (4  dividers  @  loss  of  4.75  dB  ea.)  -19  dB 
Attenuation  (600  feet  of  14”  radiating  cable  at  894  MHz)-24.54  dB 
Coupling  Loss  (median  value)  -66  dB 

Body  Masking  Effect  -5  dB 

Total  -77.97 

Minimum  receiver  level  -95 

System  Margin  +17.03 


Similarly  for  the  case  where  the  hand  held  is  communicating  with 
the  donor  site. 


Reverse  path  (hand  held  to  the  donor  site) 


Input  from  transmitter  +25  dB 

Attenuation  (200  ft.  of  7/8”  coax  @  894  MHz)  -2.4  dB 

Gain  of  Bi-directional  Amplifier  +30  dB 

Attenuation  (50  ft.  of  14”  coax  @  894  MHz)  -1.03  dB 

Power  Divider  Loss  (4  @  loss  of  4.75  dB  each)  -19  dB 

Attenuation  (600  ft.  of  14”  plenum  radiating  @  894  MHz)-24.54  dB 
Coupling  Loss  (median  value)  -66  dB 

Body  Masking  Effect  -5  dB 

Total  -67.97 

Minimum  receiver  level  -95 

System  Margin  +27.03 


In  this  design  we  used  a  trunk  and  feeder  configuration  method  to 
distribute  the  signal.  A  main  (trunk)  line  is  set  up  between  the 
floors  and  a  feeder  line  consisting  of  the  radiating  plenum  cable  is 
tapped  off  at  each  floor.  Off-air  measurements  should  be  taken 
using  a  Vi- wave  dipole  antenna  attached  to  a  spectrum  analyzer. 
A  map  of  field  strength  levels  can  then  be  made  of  all  locations 
throughout  the  building  showing  the  performance  of  the  system. 

6.  Cable  Design  &  Theory  of  Operation 

6.1  Theory  of  Operation 

Taking  a  slight  departure  from  previous  discussions,  we  now 
focus  on  the  theoretical  aspects  of  a  corrugated  aluminum  disc- 
dielectric  radiating  cable.  The  basic  cable  structure  is  shown 
below  in  figure  6. 


Figure  6.  Radiating  plenum  cable 
Cut-away  view 

The  inner  and  outer  conductor  are  separated  by  dielectric  discs 
injection  molded  on  to  the  inner  conductor.  This  configuration 
strengthens  the  cable  against  lateral  pressure.  The  outer 
conductor  is  aluminum,  and  the  inner  conductor  is  comprised  of 
copper-cladded  aluminum. 

The  characteristic  impedance  of  a  cable  is  approximated  by  the 
formula  given  by  (1). 

zo  =  JlJc  nr 

Where  L  is  the  inductance  per  unit  length  and  C  is  the  capacitance 
per  unit  length  of  cable.  The  inductor  can  be  calculated  by 
formula  (2). 
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I=^[ln(^L)  + 
2  K  a 


:  + 


aJWK  bavg^4nfc0 


(2) 


m- 1 


&=<2>. 


jmx(-fiv+k0Sin9 ) 


m~Q 


^  _  giP 1 2(“A>  +*o®»0)  ^ 


(6) 


Where  bavg^b+Ab/2  as  shown  in  figure  x,  (i0  is  the  magnetic 
permeability,  a  is  the  inner  conductor  radius,  /  is  the  frequency, 
Gin  is  the  conductivity  of  the  inner  conductor,  o0Ut  is  the 
conductivity  of  the  outer  conductor,  and  q  is  the  pitch  of  the 
corrugation. 


The  capacitance  is  therefore  calculated  by  formula  (3). 


c  = 


(3). 


a 

Where  j( ;ff  is  the  equivalent  dielectric  constant  of  the  space 
between  the  inner  and  outer  conductors,  including  the  conductors, 
discs,  and  the  air  contained  in  the  cable,  a  is  the  outer  diameter  of 
the  inner  conductor,  and  bavg  is  the  average  inner  diameter  of  the 
outer  conductor.  A  characteristic  impedance  of  50-Ohms  can  be 
achieved  by  properly  selecting  the  disc  size,  inner  conductor,  and 
outer  conductor. 


The  radiation  from  a  leaky  coax  is  caused  by  the  holes  cut  into  the 
outer  conductor  of  the  cable.  In  this  new  cable  a  portion  of  each 
corrugation  is  milled  off  to  allow  the  RF  energy  to  leak  out.  The 
radiation  from  this  cable  can  be  thought  of  as  the  vector  sum  of  all 
the  slots  in  the  cable.  The  angle  of  radiation  and  position  of  each 
slot  as  shown  in  figure  7  affect  the  phase  of  the  energy  leaking 
from  each  of  these  slots. 


m- 1 


E<P  =  &ameJ' 


Jmx(-~pv+k0  SinO ) 


(7) 


w=0 


_  eJP/2(~Pv+k0Sind)^ 


6.2  Cable  Structure 

A  coax  cable  having  a  perfectly  enclosed  outer  conductor  does  not 
radiate  a  measurable  amount  of  energy.  Consequently,  an  electric 
field  outside  the  cable  has  neglectable  effect  on  signal  travelling 
inside  the  coax.  Openings  in  the  shield  of  the  outer  conductor 
cause  electromagnetic  coupling  between  the  field  inside  the  cable 
and  the  outside  similar  to  a  conventional  antenna. 

The  size  and  arrangement  of  these  openings  determines  the 
mechanism  of  the  electromagnetic  coupling.  With  this  in  mind, 
there  are  two  families  of  leaky  coax  defined.  One  group  has 
equidistantly-spaced  holes  in  the  outer  conductor.  This  family  is 
known  as  coupled  mode  or  surface  waveguide.  The  second 
variety,  named  radiating  mode,  is  characterized  by  periodically 
spacing  the  slots.  This  new  model  of  radiating  coax  belongs  to 
the  family  known  as  ‘coupled  mode’. 

The  energy  in  a  radiating  cable  can  be  described  as  a  wave 
flowing  through  the  cable  and  at  all  points  where  the  energy 
“sees”  a  slot  it  induces  a  surface  wave  which  spread  forward  and 
backward  outside  the  cable. 


X 

Figure  7.  Assumed  pattern  of  energy 
radiating  from  cable. 


Let  the  cable  propagation  phase  constant  be  defined  as  €>. 

O  =  -P vZ 

And  the  total  phase  change  will  be  defined  as 


(4). 


Q>tot  =  (-/Jv  +  koSinO)Z  (5). 


Where  Z  is  the  propagation  in  the  Z  direction,  kQ  is  the  free  space 
wave  number  of  the  radiation,  0  is  the  angle  of  observation,  and 
fiv  the  phase  propagating  constant. 

Summing  the  contributions  for  the  principle  radiating  polarization 
gives  (6),  (7). 


As  described  in  previous  sections,  an  important  electrical 
characteristic  of  a  radiating  cable  is  its  attenuation.  This  is 
determined  by  losses  encountered  in  the  conductors  and 
dielectrics.  Another  important  factor  is  the  cable’s  coupling  loss. 
This  is  defined  as  the  ratio  of  received  power  at  an  antenna  to  the 
power  travelling  inside  the  cable.  Both  coupling  loss  and 
attenuation  is  affected  by  the  size  of  the  hole  cut  into  the  outer 
conductor.  For  this  cable,  a  slot  size  was  chosen  that  showed 
adequate  coupling  loss  without  sacrificing  attenuation. 


7.  Conclusions 

In-building  applications  of  radiating  coaxial  cable  have  to  meet 
standards  not  imposed  upon  traditional  outdoor  cables.  A  coax’s 
fire  rating  is  of  special  concern  along  with  its  ability  to  bend  in 
close  quarters.  In-building  radiating  cables  must  perform 
adequately  electrically  and  mechanically  as  well  as  conform  to  fire 
codes.  The  new  radiating  cable  presented  here  meets  these 
requirements  and  does  so  by  not  using  costlier  materials  such  as 
mica  and  Teflon. 
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Abstract 

In  this  paper  measurement  and  effects  of  differential  skew  within 
symmetrical  transmission  lines  are  discussed.  Different 
measurement  methods  are  described  and  compared  using  either 
symmetrical  pulses  of  a  fixed  frequency  and  shape,  symmetrical 
sine  waves  swept  over  a  wide  spectrum  or  single  ended  sine 
waves.  The  physical  mechanisms  such  as  effects  of  resistance 
unbalance  and  capacitance  earth  unbalance  and  dependence  of 
skew  on  transmission  line  length  are  examined.  The  relationship 
between  longitudinal  conversion  transmission  loss  (LCTL)  and 
skew  is  described  and  a  simple  model  is  presented  and  tested. 
Finally,  the  effect  of  skew  on  eye  patterns  is  discussed. 

Keywords 

Differential  skew;  symmetrical  transmission  line;  longitudinal 
conversion  transmission  loss;  eye-pattern 

1.  Introduction 

Data  rates  are  rapidly  increasing  both  in  stationary  and  in  cellular 
switching  systems.  Often  these  systems  use  symmetrical  cables  for 
internal  data  exchange.  With  increasing  clock  frequency 
differential  skew  is  becoming  increasingly  significant  for  signal 
integrity.  It  is  therefore  very  important  to  have  quick  and 
generally  useful  skew  measurement  methods.  Deeper 
understanding  of  the  relationship  between  skew,  LCTL  and  eye 
pattern  quality  can  help  find  practical  high  speed  cable 
characteristics. 


2.  Measurement  Methods 

2.1  With  Pulses 


Figure  1.  Measurement  with  pulses 

One  method  for  measuring  skew  is  taking  a  differential  pulse 
generator  and  a  two-channel  oscilloscope  presented  on  figure  1 .  It 


is  very  important  that  the  skew  generated  in  the  differential  pulse 
generator  and  detector  (oscilloscope)  is  not  too  high. 

Moreover,  none  of  the  connection  lines  should  generate  a 
significant  high  skew.  This  means  that  electrical  lengths  of  those 
connection  lines  must  be  the  same  for  each  part  of  the  differential 
signal.  Calculations  can  be  made  to  eradicate  smaller  differences. 


Figure  2.  Branch  swapping 

One  possibility  is  branch  swapping.  It  means  swapping  a  and  b 
side  of  the  device  under  test  (DUT)  on  both  test  fixtures  while  all 
the  remaining  configuration  stays  the  same  as  shown  in  figure  2. 


Figure  3a.  Measurement  before  branch  swapping 


Figure  3b.  Measurement  after  branch  swapping 

When  the  skew  in  the  measuring  configuration  (skewmc)  is 
significantly  lower  than  in  DUT  (skewDUT),  the  results  on 
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oscilloscope  before  and  after  the  branch  swapping  will  in 
principle  look  like  those  presented  in  figures  3a  and  3b, 
respectively. 


When  measuring,  one  detects  both  the  skew  of  the  measuring 
configuration  and  DUT.  Assuming  the  skew  within  the 
measurement  configuration  is  constant,  it  can  be  eliminated.  After 
branch  swapping  only  the  skew  of  DUT  is  inverted,  but  not  the 
skew  of  the  measuring  configuration.  So,  when  the  results  of  the 
two  measurements  are  subtracted,  the  skewmc  is  eliminated  and  the 
skewDUT  is  doubled,  as  presented  in  equation  (1). 


skew 

skew 

skew 


bef\,2  =  Skew,„c  +  skeWDUT 

a/u  =  skew  mc- skew  out 

_  skewbef\a-skewof\,7 
DUT  ~  ^ 


(1) 


2.2  Sweeping  with  Sine  Waves 

Another  method  for  skew  measurement  is  using  a  network 
analyzer,  generating  a  symmetric  signal  and  detecting  phase 
differences  after  passing  DUT.  To  make  sure  that  the  unbalances 
in  the  measuring  equipment  do  not  exceed  an  acceptable  level,  it 
can  be  checked  as  shown  in  figure  4.  Such  unbalances  might  arise 
between  input  channels  Ain  and  Bin  in  the  network  analyzer, 
between  the  connection  lines  Cxl+Cx2  and  Cxl'+Cx2f  and 
inside  the  hybrid  junction.  Small  deviations  can  be  eliminated  in 
the  same  way  as  described  in  2.1. 


Figure  4.  Accuracy  test 

Figure  5  shows  the  configuration  for  the  measurement  of 
differential  skew  in  the  frequency  domain.  The  output  signal  from 
the  network  analyzer  is  transformed  into  a  symmetrical  signal  in  a 
hybrid  junction.  DUT  is  excitated  symmetrically.  The  relative 
phase  difference  between  the  input  channels  Ain  and  Bin  can  be 
measured  directly.  Branch  swapping  as  already  described  in  2.1 
can  eliminate  measurement  discrepancies  caused  by  the 
measurement  equipment. 


Figure  6.  Skew  (degrees)  from  sine  measurements 

Calculation  of  time  skew  from  angular  skew  is  made  using: 

skew(time)=  skew(deSrees) .  1  <2) 

360  f 


Figure  7.  Skew  (ps)  from  sine  measurements 
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Pair  3  in  figure  6  shows  a  phase  shift  at  about  300  MHz  and  900 
MHz.  The  reason  is  that  the  network  analyzer  only  displays  angles 
from  -180°  to  +180°.  At  the  points  of  phase  shifts  an  angle  of  a 
multiple  of  360°  needs  to  be  added  (or  subtracted)  to  get  the  real 
value.  For  the  calculation  of  the  skew  in  time  this  operation  was 
carried  out. 

2.4  Comparison 

The  measurements  with  sine  waves  in  frequency  domain  and  with 
rectangular  pulses  show  good  agreement  as  presented  in  figures  8 
a-d.  The  given  frequency  is  for  the  pulses  the  inverse  of  the  pulse 
period  and  the  shape  of  the  pulses  is  square  (50%  duty  cycle).  The 
transition  time  of  the  pulses  seems  not  to  be  critical. 
Measurements  with  rise  times  between  50  ps  and  1  ns  did  not 
show  any  difference  outside  measurement  tolerances.  DUT  was 
here  a  separately  screened  pair  cable  with  a  length  of  20  m. 
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Figure  8d.  Skew  at  400  MHz 


3.  Physical  Mechanisms 

3.1  Unbalances  Effects 

The  propagation  velocity  of  the  signal  is  determined  by  the 
primary  parameters:  resistance  R,  inductance  L,  capacitance  C  and 
conductance  G  as  shown  in  equation  (3)  and  figure  9.  Any 
difference  in  primary  parameters  between  the  two  wires  of  a 
transmission  line  causes  differences  in  the  propagation  velocity  as 
described  in  equation  (4).  Since  the  wires  are  coupled,  this  is  not 
the  only  phenomenon  observed.  As  a  consequence  of  inductive 
and/or  capacitive  coupling  between  the  two  wires,  the  signal  in 
one  wire  will  induce  a  signal  with  the  opposite  polarity  in  the 
other  wire,  thus  counteracting  skew. 


Figure  9.  Resistance  and  capacitance  in  a  pair 


P  =  \m{j(R'  +  jo)L')(G'  +  jtaC')}  (3) 


V 


ph 


O) 

1 


(4) 


To  find  the  LF-parameters  that  affect  skew  within  a  pair  a  simple 
test  was  made  using  a  test  set-up  with  possibilities  to  adjust 
resistance  and  capacitance  while  inductance  is  held  constant. 


The  set-up  was  made  using  two  5-m  L-shaped  plastic  profiles 
mounted  together  to  a  T-profile,  as  presented  in  figure  10.  On 
each  L-profile  a  copper  tape  was  attached  along  the  profiles.  The 
T-profile  was  placed  over  a  ground  plane  made  of  brass  where  the 
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height  above  the  ground  plane  of  each  profile  is  adjusted  using 
plastic  screws.  The  differential  impedance  was  set  to  100  O  and 
capacitance  earth  unbalance  was  minimised. 

To  produce  resistance  unbalance  small  stripes  of  copper  tape  were 
attached  to  the  top  of  one  strip-line.  While  the  resistance  of  each 
strip-line  was  measured,  the  capacitance  of  each  was  checked  to 
ensure  that  capacitance  earth  unbalance  was  minimised. 

To  achieve  capacitance  earth  unbalance  a  dielectric  material 
(polyethylene)  was  inserted  between  one  strip-line  and  the  ground 
plane.  The  dielectric  was  moved  to  cover  part  of,  or  the  whole 
width  of  the  strip-line.  Capacitance  between  each  strip-line  and 
the  ground  plane  was  measured. 


Figure  10.  Measurement  set-up 

Figure  1 1  shows  electrical  scheme  of  this  measurement  set-up. 


Figure  11.  Electrical  scheme 

Figure  12  shows  the  measurement  set-up  zoom  where  the 
connections  between  the  inner  copper  conductors  of  the  coaxial 
cables  and  strip-lines  are  presented  in  detail.  Skew  is  measured 
with  network  analyzer  according  to  the  method  described  in  2.2. 

plastic 


Figure  12.  Measurement  set-up  zoom 


Resistance  unbalance  is  calculated  from  equation  (5),  where 


R 


un 


^1  ^2 

+  i?2 


(5) 


the  capacitance  earth  unbalance  is  calculated  from  equation  (6): 


CeUn  - 


C  ~C 

MO  Mo 


Qo  +  C*20 


(6) 


Definitions  of  capacitance  and  resistance  can  bee  seen  in  figure  9. 
The  figures  13  and  14  show  that  skew  is  much  more  influenced  by 
capacitance  earth  unbalance  than  by  resistance  unbalance.  The 
probable  cause  lies  in  the  fact  that  jwC  is  much  greater  than  R  for 
higher  frequencies. 


—♦-5  MHz 
-A-  10  MHz 
-  -m  -  20  MHz 
— ■ —  50  MHz 
— • — 100  MHz 


Figure  13.  Skew  dependence  on  different 
resistance  unbalances 


—m—  2  MHz 
— ♦ — 5  MHz 

—  A-  10  MHz 

-  -*  -  20  MHz 
— 50  MHz 

•  100  MHz 


Figure  14.  Skew  dependence  on  different 
capacitance  earth  unbalances 

3.2  Length  and  frequency  dependence 

Table  1  shows  the  skew  for  different  lengths  of  the  same  type  of 
cable,  whereas  the  skew  per  length  is  calculated  in  table  2.  It  can 
be  noticed  that  skew  is  not  necessarily  linear  with  the  length. 
Skew  can  also  vary  with  frequency  as  can  be  seen  on  pairs  2  and  3 
on  figure  7.  This  can  be  partly  explained  by  the  unequal  properties 
of  the  cables  along  the  length.  Another  mechanism  is  that  highly 
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coupled  pairs  tend  to  reduce  initial  skew  over  length  as  it  was 
observed  in  our  measurements.  This  could  even  result  in  absolute 
higher  skew  for  short  lengths  than  for  longer  lengths. 


Table  1.  Skew  (ps),  f=333.3  MHz,  Pulse  method 


4.  Relationship  between  Skew  and  LCTL 

4.1  LCTL  measurement 

We  define  longitudinal  conversion  transfer  loss  (LCTL)  as: 


r  ^  t  f  common  mode  output  power 

LCTL  [dB]  =  -10-  log  - - - -  ;  F 

input  power  (differential) 


and  equal  level  LCTL  (EL-LCTL)  as: 

EL  -  LCTL  =  LCTL  [dB]  -  differenthl  attenuaticn  [dB]  (8) 


Figure  15.  LCTL  measurement 

With  the  first  hybrid  junction  a  symmetrical  signal  is  generated 
from  the  output  signal  of  the  network  analyzer.  At  the  far  end  of 
the  DUT  either  the  common  mode  or  the  differential  mode  power 
is  detected  through  another  hybrid  junction  (H).  The  two  powers 
are  compared  and  the  difference  [in  dB]  is  the  EL-LCTL.  Table  3 
shows  the  measurement  results  compared  with  those  made  with 


baluns  (B)  which  is  a  well  documented  method  and  described  for 
example  in  [3]  and  [2].  The  fit  satisfies  within  the  common 
frequency  range  allowing  for  different  resonance  frequencies. 

Table  3.  EL-LCTL  measured  with  hybrid  and  balun 


All  in  this  paper  otherwise  shown  skew  and  LCTL  measurements 
were  made  with  a  common  mode  termination  of  25  Q.  According 
to  our  measurements  the  common  mode  impedance  of  the  DUT  is 
about  30  Q.  In  order  to  compare  the  effect  of  a  slightly 
mismatched  common  mode  termination  on  LCTL  measurements  a 
test  was  made.  Baiuns  with  25  Q  (mismatched)  and  30  Q 
(matched)  common  mode  termination  were  used  for  the 
measurement  of  EL-LCTL.  Figure  16  shows  that  the  differences 
are  small,  so  common  mode  termination  seems  not  to  be  critical 
here. 


Figure  16.  Comparison  of  EL-LCTL  measurements 
with  25  Q  and  30  Q  common  mode  termination 

The  theoretical  measurement  deviation  caused  by  impedance 
mismatch  can  be  calculated  from  the  reflection  factor  (r)  at  the 
point  of  impedance  change: 


(9) 


With  the  impedance  of  the  DUT  at  30  Q  and  the  system 
impedance  being  25  Q  the  reflection  factor  is  9.1%.  This 
corresponds  to  a  fault  of  about  0.75  dB. 


4.2  LCTL  calculation  from  (time-)  skew 

Since  skew  means  deviation  from  the  ideal  1 80°  phase  difference 
between  the  wires  in  the  pair,  skew  generates  common  mode 
currents  and  thus  influence  LCTL.  There  exist  two  forms  of  skew: 
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phase  (time)  skew  and  amplitude  skew.  The  phase  skew  will  be 
presented  in  detail,  whereas  the  amplitude  skew  only  in  principle. 


Figure  17.  Phase  skew 

The  signals  in  the  wires  of  a  pair  are  considered  to  have  the  same 
amplitude  and  frequency  but  a  difference  in  phase  (180°  +  skew 
angle).  The  differential  voltage  can  be  calculated  by  subtracting 
the  vectors  and  the  common  mode  voltage  by  adding  the  vectors, 
as  shown  in  figure  17.  The  powers  of  the  differential  and  common 
mode  signals  are  obtained  by  squaring  them,  respectively. 

LCTL  is  here  defined  as  the  ratio  of  the  common  mode  power  to 
the  total  power.  Figure  18  shows  the  LCTL  calculated  from  time 
skew  (when  neglecting  amplitude  skew).  When  only  measuring 
phase  attenuation  has  no  influence,  so  LCTL  is  here  the  same  as 
EL-LCTL. 

The  influence  of  amplitude  skew  can  be  calculated  in  an 
analogous  way  as  shown  in  figure  19. 


LCTL  [dB]  calculated  from  differential  (time-)skew 


Figure  18.  LCTL  calculated  from  skew 


Figure  19.  Amplitude  skew 

4.3  Comparison  of  calculated  and  measured  LCTL 

Despite  the  fact  that  only  phase  skew  was  considered  for  the  EL- 
LCTL  calculation,  the  results  and  direct  measurements  differ  only 
a  few  dB  over  a  wide  frequency  span.  The  only  major  discrepancy 
is  in  pair  2  at  frequencies  of  some  10  MHz,  see  figures  20-21.  Pair 
2  has  much  higher  capacitance  earth  unbalance  (cca  6%)  than 
other  pairs. 
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Figure  20.  EL-LCTL  calculated  from  skew 


Figure  21.  EL-LCTL  measured  directly 

Matching  of  the  two  measurements  shows  that  it  is  often  sufficient 
to  consider  phase  skew  only  when  calculating  LCTL.  If  so,  the 
equations  (7)-(8)  and  figure  17  can  also  be  applied  reversibly, 
meaning  calculating  phase  skew  from  EL-LCTL. 

4.4  Mixed  mode  S-parameters 

An  alternative  for  performing  a  differential  measurement  on  the 
DUT  with  symmetrical  signals  is  to  directly  measure  scattering 
parameters  in  single-ended  conditions  and  calculate  the  mixed¬ 
mode  S-parameters  [1]. 

With  the  mixed-mode  S-parameters  (figure  22)  the  reflection  and 
transmission  characteristics  of  the  DUT  can  be  evaluated  for 
combinations  of  differential  and  common  mode  stimuli  and 
responses. 

The  big  advantage  is  that  no  extra  connection  device  is  needed 
(e.g.  balun  or  powersplitter)  which  might  decrease  the  available 
bandwidth. 

Figures  23  and  24  show  comparison  between  pure  symmetrical 
and  mixed-mode  measurements.  Also  in  this  case  different 
impedance  mismatch  between  the  DUT  and  the  50  D 
measurement  system  has  to  be  considered.  For  small  reflection 
coefficients  (less  than  10  %)  the  result  from  the  two  different 
measurements  are  comparable.  More  work  is  in  progress. 
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Figure  22.  Definition  of  S-Matrices 


EL-LCTL  measured  with  different  methods  on  two  different  20m  pairs 


10  100 
Frequency!  MHz  ] 


Figure  23.  EL-LCTL  measured  with  different 
methods  on  two  different  20  m  pairs 


Skew  (phase-difference) 


Frequency  [  MHz] 

Figure  24.  Skew  measurement  with  hybrids 
respectively  mixed  mode  S-parameters 


5.  Eye-patterns 

5.1  Measurement  set-up 

Eye  pattern  measurements  were  done  with  a  pulse  generator 
delivering  a  pseudo-random  NR Z  code  to  a  symmetrical  output 
and  an  oscilloscope  with  two  input  channels.  The  same  fixtures 
were  used  as  for  the  skew  measurements  described  in  2. 1. 
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5.2  Results  and  discussion  the  eye  opening  is  bigger  for  the  higher  frequencies.  High  skew 

Figures  25  a-b  show  eye-pattern  measurements  at  different  results  in  two  distinct  pulse  edges,  best  seen  in  figure  25a  at  50 

frequencies  on  a  pair  with  high  skew  and  on  a  pair  with  low  skew.  MHz  and  100  MHz. 

The  differences  can  be  seen  at  all  frequencies  but  the  impact  on 


Figure  26a.  tr=100  ps,  high  skew  wires,  200  MHz 

In  figures  26a-b  the  signals  for  each  conductor  in  the  pair  are 
displayed  separately.  The  eye  opening  for  each  wire  in  the  high 
skew  pair  in  figure  26a  is  similar  to  the  one  for  the  low  skew  pair. 
Only  in  the  upper  diagram  of  figure  26a  the  amplitude  is 
somewhat  lower  (amplitude  skew).  But  when  added  the  eye 
opening  is  clearly  reduced.  Adding  two  signals  for  the  low  skew 
pair  in  figure  26b  does  not  reduce  eye  opening  significantly.  The 
skew  can  be  measured  at  approximately  1 .5  ns  (average  between 
the  time  differences  of  the  beginnings  respective  end  of  data  eye), 
which  is  about  the  same  as  when  measured  with  two  methods 
earlier  mentioned  in  2.1-2. 


21 . 22ns 


Figure  26b.  tr=100  ps,  low  skew  wires,  200  MHz 

Figure  27  shows  the  jitter  dependence  on  skew.  Even  for  pairs 
with  lower  skew,  jitter  is  not  less  than  a  threshold  value  that  is 
determined  by  length  of  transmission  line  and  encoding  of  data. 
The  attenuation  increases  with  frequency  and  for  this  reason  the 
amplitude  of  the  faster  components  of  the  signal  is  lower  than  that 
of  the  slower  ones.  This  is  one  mechanism  causing  jitter  even  in 
the  perfectly  symmetrical  cable. 


When  a  pair  has  differential  skew,  the  time  value  is  added  to  the 
time  value  of  the  jitter  from  intersymbol  interference.  Therefore, 
the  upward  gradient  of  the  line  connecting  skew  jitter  plots  is 
constant  and  equals  1.  However,  this  rule  is  no  longer  applicable 
when  amplitude  skew  is  significantly  high. 


6.  Conclusions 

It  was  shown  that  skew  measurements  with  pulses,  with 
differential  power  splitters  and  mixed  mode  S-parameters  give 
comparable  results.  The  advantage  of  the  latter  two  is  that  when 
skew  is  not  constant  over  frequency  this  can  be  detected  easily. 
Skew  for  different  data  transmission  speeds  can  be  measured  in 
one  sweep.  The  importance  of  this  parameter  can  be  seen  from  the 
eye  patterns  in  the  last  section. 
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Further  a  clear  connection  between  skew  and  LCTL  could  be 
shown.  This  opens  an  additional  way  of  characterizing  the  balance 
of  symmetrical  transmission  lines. 


Further  theoretical  work  is  necessary.  The  aim  is  to  find  relevant 
and  easily  applicable  measurement  methods  to  characterize 
symmetry. 
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Abstract 

Slotted  cables  of  the  "Vario"  type,  thanks  to  their  property  of 
distributing  emitted  power  evenly  along  their  lengths  by 
compensating  longitudinal  losses,  are  optimized  radiating 
structures  for  tunnels  and  offer  significant  advantages  over 
conventional  cables  with  increasing  frequency. 

This  articles  gives  some  highlights  on  the  design  of  a  tunnel  plant 
employing  variable  cables  and  provides  test  results  of  two  new 
"Vario"  prototypes  working  at  frequencies  up  to  2200  MHz. 

1.  Introduction 

The  decision  of  realizing  new  radiating  cable  types  operating  at 
the  frequency  bands  of  1 800  MHz  and  2200  MHz,  in  addition  to 
the  traditional  900  MHz  band,  comes  out  from  the  necessity  of 
assuring  the  DCS  service  in  some  tunnels,  mostly  located  in  urban 
areas,  of  the  new  high  speed  railway  line  in  Italy. 

Even  if  natural  propagation  in  tunnels  is  usually  good  at  high 
frequencies,  the  radiating  cables  for  cellular  services  are  still 
preferred  to  antennas  when  mobile  stations  are  inside  trains  / 
vehicles.  In  these  cases  the  supplementary  attenuation  of  the 
vehicle  body  is  usually  much  less  if  radiating  cables  rather  than 
antennas  are  employed. 

After  some  general  considerations  on  tunnel  systems  employing 
variable  cables,  this  article  provides  the  main  characteristics  and 
some  structural  details  of  two  new  types  of  the  Vario  cable  (which 
have  lengths  of  800  m  and  500  m).  It  also  gives  the  results  of  the 
measurements  carried  out  in  a  tunnel  on  the  prototypes. 

The  grading  technique  has  been  widely  used  to  vary  the  emitted 
power  with  the  cable  length  so  limiting  the  dynamics  to  only 
about  20  dB. 

The  main  parameters  highlighted  in  the  measurements  are  those 
traditionally  evaluated  for  radiating  cables  and  affecting  downlink 
and  uplink  amplifier  dimensioning:  system  loss  and  dynamics. 

The  two  cable  types  are  designed  according  to  the  safety 
requirements  for  confined  space  installations  i.e.:  flame  retardancy 


(IEC  60332-1,  60332-3C),  very  reduced  opaque  smoke  emission 
(IEC  61034),  halogen  and  corrosive  gas  free  (IEC  60754-1/2). 


2.  System  Considerations 

The  variable  leaky  cable,  proposed  and  described  in  [1],  [2]  has  the 
property  of  compensating  the  longitudinal  loss  with  variations  of  the 
coupling  loss,  starting  from  a  particular  cable  extremity.  The 
benefits,  with  respect  to  traditional  cables,  are  linked  to  longer  cable 
sections  and  lower  diameter,  with  consequent  reduced  number  of 
amplifiers,  copper  economy  and  easiness  of  installation. 

For  a  given  length  and  diameter  a  VARIO  cable  enables  to  obtain  a 
reduced  "system  loss"  (attenuation  between  cable  input  connector 
and  mobile  antenna  connector)  and  a  low  "dynamics"  (maximum 
attenuation  variation). 

These  two  favourable  electrical  properties,  and  particularly  the 
reduction  of  dynamics,  permit  the  design  of  tunnel  communication 
systems,  in  the  UHF  range  and  in  multicarrier  operation,  using 
amplifiers  with  very  limited  power. 

This  can  be  observed  from  the  expression,  already  reported  in  [3], 
giving  n+ij^j  /  pm  (received  noise  plus  maximum  intermodulation 
in  the  carrier  band,  over  minimum  carrier  power)  of  a  wideband 
tunnel  communication  system: 


H±hi 

Pm 


-KT0b-i:^c 


Pj 


(  V 

rf 


The  above  expression  is  valid  for  multicarrier  operations  both  for 
the  uplink  and  the  downlink  paths  and  the  symbols  (referred  to 
either  path)  represent: 

N  number  of  amplifiers  (or  generally  active  elements)  of 

the  tunnel  system; 

fj ,  i3j  noise  figure  and  3rd  order  intercept  point  of  the 
amplifier  "j"; 
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System  Loss,  2200  MHz 


pj  carrier  power  referred  to  the  same  point  where  fj  and 

i3j.are  given.  If  the  carrier  power  is  variable,  because  of 
signal  dynamics,  pj  represents  the  minimum  power. 

kTQb  is  the  thermal  noise  power  in  the  modulated  carrier 
band,  and: 


c  ~  cdw 2  for  downlink  path 

c  =  ( cup  ~  !)2  ‘ h?>  for  uPlink  Path- 

"cdw"  is  the  downlink  carrier  number  (cdw  >  5)  and  McUp"  is  a 

statistical  parameter  corresponding  to  the  total  uplink  carrier 
number  in  the  highest  level  range  (we  suppose  that .  cUp,  <  5). 

h  (h  >  1)  is  the  signal  variation  (dynamics)  corresponding  to  the 
attenuation  differences  between  line  amplifier  and  mobile  unit.  It 
strongly  depends  on  the  radiating  cable  characteristics. 

Dynamics  plays  a  very  important  effect  in  the  degradation  of  the 
uplink  signal  as  the  above  relations  show. 

Therefore  it  is  the  main  aim  of  the  "Vario"  design  to  reduce  this 
dynamics. 


3.  Design  and  characteristics  of  "Vario" 
cable 

The  intention  of  a  VARIO  design  is  to  minimize  the  variation  of 
system  loss  over  the  cable  length.  In  order  to  reach  this  goal  the 
coupling  loss  of  the  cable  is  decreased  section  wise  from 
comparably  high  values  at  the  beginning  to  a  very  low  figures  at  the 
end.  Therefore  the  longitudinal  loss  of  the  first  sections  is  very  close 
to  the  figure  of  a  non-radiating  cable  and  increases  to  the  last 
sections.  The  system  loss  can  be  balanced  perfectly  for  just  one 
frequency.  At  higher  frequencies  the  system  loss  increases  towards 
the  cable  end  while  at  lower  frequencies  the  system  loss  decreases.  If 
a  VARIO  cable  shall  be  optimized  for  more  than  one  frequency 
band  a  compromise  has  to  be  made.  Anyway,  due  to  this  more  even 
distribution  of  energy  along  the  cable  longer  system  lengths  can  be 
realised  and  the  dynamic  range  of  system  loss  can  be  reduced 
remarkably  especially  in  the  GSM  1800  and  UMTS  bands  where  the 
longitudinal  loss  of  cables  is  comparably  high. 

Two  prototypes  of  radiating  cables  with  variable  coupling  loss  have 
been  designed  and  manufactured.  Both  cables  operate  in  the  so 
called  radiating  mode  as  from  approximately  860  MHz  with  slot 
patterns  that  suppress  unwanted  higher  modes  up  to  the  3rd 
harmonic.  The  coupling  loss  of  the  cable  sections  are  adjusted  by 
variation  of  slot  density  and  size. 

A  1  5/8”  cable  has  been  manufactured  with  a  length  of  800  m  and 
a  maximum  system  loss  of  100  dB,  95%  reception  probability 
figure  in  the  GSM  1 800  band.  The  second  cable  is  made  in  a  size 
of  1  1/4"  and  a  length  of  500  m.  The  maximum  system  loss  95% 
figure  in  free  space  at  1800  MHz  is  95  dB. 


Figure  1:  System  loss  of  1  5/8"  VARIO  and  constant 
coupling  loss  cables  at  2200  MHz 


Figure  1  shows  a  system  loss  comparison  of  a  1  5/8"  cable  with 
constant  coupling  loss  and  a  VARIO  cable  at  2200  MHz.  As  from  a 
distance  of  about  450  m  the  VARIO  cable  provides  a  lower  system 
loss  while  on  the  other  hand  the  dynamic  range  of  system  loss  is 
reduced  from  50  dB  to  25  dB. 

At  900  MHz  the  VARIO  cable  provides  a  8  dB  lower  maximum 
system  loss  and  a  12  dB  lower  dynamic  range  (see  figure  2).  The 
values  are  based  on  free  space  measurements  of  the  different  cable 
sections  according  to  IEC  61196-4. 


Figure  2:  System  loss  of  1  5/8"  VARIO  and  constant 
coupling  loss  cables  at  900  MHz 
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4.  Description  of  the  tests 

Two  radiating  cable  prototypes  were  installed  in  a  new  rail  tunnel 
not  yet  in  service,  without  tracks,  power  lines  and  wall-brackets. 

The  first  radiating  cable  prototype  had  a  diameter  (measured  on 
the  dielectric)  of  1  5/8"  and  a  length  of  800  meters. 

This  cable  was  installed  on  the  wall  through  suitable  clamps, 
starting  at  200  meters  from  the  tunnel  entrance  at  a  height  of  6 
meters. 

The  second  radiating  cable  1  1/4",  500  m.  long,  was  installed  in 
sequence,  with  the  same  modalities. 

Both  cables  were  of  the  "Vario"  type. 

A  transmitter  was  connected  through  a  jumper  to  the  beginning  of 
the  cable.  For  Vario  cables  the  beginning  corresponds  to  the  less 
slotted  section,  while  the  far  end,  corresponding  to  the  more 
slotted  section,  was  connected  to  a  50  ohm  load. 

System  Loss  values  have  been  taken  by  an  halfwave  dipole 
connected  to  a  receiver  transported  by  a  small  van  running  in  the 
tunnel.  The  receiver  was  interfaced  with  a  PC  to  work  out 
measured  data. 

The  measurements  were  taken  at  distances  of  3.5  meters  (simulating 
the  near  track)  and  7  meters  from  the  cable  (simulating  the  far  track) 
at  the  frequencies  of  150,  450,  900,  1800  and  2200  MHz  both  in 
vertical  and  horizontal  polarizations.  In  order  to  assure  a  sufficient 
resolution  approximately  33  measurements/meter  with  a 
measurement  time  of  1  msec  were  taken  . 

Figure  3  shows  the  test  set  up  used  in  the  tunnel  of  Aulla  for  the 
measurements  of  the  two  radiating  cables  prototypes. 


UMTS  frequency  bands  on  the  near  track.  As  the  coupling  loss 
inside  a  tunnel  varies  only  slightly  with  the  antenna  distance  the 
results  obtained  on  the  far  track  are  very  similar. 

At  921  MHz  the  system  loss  of  the  800  m  1  5/8"  cable  is  very  even 
and  the  dynamic  range  is  just  15  dB  based  on  the  local  50  %  figures. 


System  Loss,  921  MHz 
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Figure  4:  Test  results  of  800  m  VARIO  cable  at  921 
MHz 


TUNNEL 


Figure  3.  Test  set  up  for  radiating  cable 
measurements 


5.  Measurements  and  results 

In  contrary  to  normal  leaky  cables,  where  it  is  sufficient  to  test  a 
short  portion  (approximately  100  m)  of  a  cable  to  describe  the  total 
cable  length,  with  VARIO  cables  the  complete  cable  length  must  be 
measured  in  order  to  verify  the  efficiency  of  the  compensation. 


Figure  5:  Test  results  of  500  m  VARIO  cable  at  921 
MHz 


The  figures  contained  in  this  paragraph  show  some  typical  results  of 
the  tests  in  the  tunnel  environment  obtained  in  the  GSM,  DCS  and 
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The  system  loss  with  the  500  m  long  1  1/4"  cable  is  similar.  Due  to 
the  shorter  length  the  system  loss  is  furthermore  balanced  (figure  5), 
the  dynamic  is  1 1  dB. 

The  results  in  the  upper  bands  of  1800  and  2200  MHz  are  shown  in 
the  diagrams  of  Figures  6  to  9. 

Both  cables  provide  good  system  loss  values  and  dynamics  not 
higher  than  approximately  30  dB. 


System  Loss,  1800  MHz 


Figure  6:  Test  results  of  800  m  VARIO  cable  at 
1800  MHz 


System  Loss,  1800  MHz 


Distance  [m] 


Figure  7:  Test  results  of  500  m  VARIO  cable  at  1800 
MHz 


Figure  8:  Test  results  of  800  m  VARIO  cable  at  2200 
MHz 


System  Loss,  2200  MHz 


Distance  [m] 


Figure  9:  Test  results  of  500  m  VARIO  cable  at  2200 
MHz 


6.  Conclusions 

In  the  900  MHz  band  both  VARIO  cables  provide  a  low  system 
loss  and  a  very  small  dynamic  range. 

In  the  1800  and  2200  MHz  band  the  dynamic  is  increased  but 
much  less  than  it  could  be  happened  with  a  cable  with  constant 
coupling  loss. 

The  measurements  on  the  prototypes  have  demonstrated  that 
radiating  cables  with  length  of  up  to  800  meters  designed  using 
the  Vario  concept  enable  to  achieve  good  amplitude  performances 
even  in  the  DCS  1800  and  UMTS  bands. 
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Abstract: 

Wireless  (PCS  and  Cellular)  communications  site 
construction  schedules  are  being  urgently  compressed, 
pressuring  system  providers  and  engineers  to  demand  new 
and  innovative  products  which  speed  critical  construction 
schedules  while  simultaneously  providing  increased 
operational  longevity  and  reliability.  Recent  advances  and 
developments  in  coaxial  cable  designs  with  smooth-walled 
outer  conductors,  along  with  innovations  in  connector 
design,  cable  preparation,  assembly  and  performance,  have 
addressed  these  issues.  These  new  coaxial  cable  and 
connector  products  allow  for  rapid  installations  while 
exhibiting  reduced  connector  assembly  variability  along 
with  improved  environmental  and  electrical  performance  of 
the  system. 


I.  INTRODUCTION 

The  typical  construction  discussed  in  this  paper  is  coaxial 
cable.  Coaxial  cable  is  comprised  of  three  main  elements:  1) 
the  center  conductor  (the  signal  travels  along  this)  2)  the 
dielectric  (a  spacer  used  to  separate  the  inner  and  outer 
conductors)  3)  the  outer  conductor  (a  ring  located  around 
the  dielectric  -  this  is  the  electrical  ground).  These  cables 
are  used  in  telecommunications  applications  commonly  at 
frequencies  over  800  MHz.  In  particular,  this  paper  reviews 
foam  dielectric  coaxial  cable  commonly  used  on  cellular 
and  PCS  sites. 

Coaxial  cable  is  configured  on  a  typical  cell  site  is  as 
follows: 

Starting  at  the  top,  antennas  are  located  on  a  tower  (as  high 
as  practical).  Connected  to  the  antenna  is  coaxial  cable.  The 
coaxial  cable  runs  to  the  radio,  which  is  typically  located  on 
the  ground.  The  radio  itself  is  either  located  inside  a  cabinet 
(enclosure)  or  a  small  shelter.  To  minimize  signal  loss 
(attenuation),  it  is  common  for  the  coaxial  cable  to  be  as 
large  as  possible  (1-5/8"  in  diameter  is  a  normal  size)  for 
most  of  it’s  length.  At  each  end  of  the  1-5/8”  cable  (before  it 
reaches  the  radio  or  antenna),  it  is  common  to  use  a  short  (2 
m)  length  of  small  (1/2"  in  diameter)  cable,  for  a  more 
simplified  installation  (flexibility). 


II.  HISTORY 

Microwave  and  early  cellular  buildouts  were  taking  place  10 
to  20  years  ago.  Generally,  the  construction  was  done  by 
highly  skilled  construction  personnel  and  technicians. 
People  in  these  businesses  were  very  familiar  with  coaxial 
(corrugated  outer  conductor)  cable.  This  coaxial  cable  had 
been  around  a  very  long  time,  and  worked  fairly  well  in  this 
application.  Sites  were  spaced  far  apart  (especially 
microwave)  so  their  density  was  low.  This  meant  “few” 
sites  were  to  be  built  (when  compared  to  today’s  PCS 
buildout).  Sites  were  planned  to  a  much  greater  extent,  and 
acquisition  was  much  easier  -  no  tower  moratoriums,  etc. 

Transmission  line  products  of  the  time  included  waveguide 
and  coaxial  cable.  While  a  great  many  of  the  microwave 
sites  were  constructed  using  waveguide,  this  product  will 
not  be  considered  in  this  paper.  Coaxial  cable  was  available 
in  many  different  constructions.  Outer  conductors  generally 
available  were  corrugated  solid  copper  and  braided  wire. 
The  most  common  dielectrics  were  PTFE,  air  and  foamed 
polyethylene.  Defining  the  cable  by  its  outer  conductor, 
some  generalities  can  be  made: 

Braided  Construction: 

•  Small  diameter 

•  Poor  environmental  resistance 

•  Low  power  handling 

•  High  connector  craftsmanship 

•  High  electrical  loss 

•  Low  cost 

Corrugated  Construction: 

•  Available  in  large  diameters 

•  Fair  environmental  resistance 

•  High  power  handling 

•  High  connector  craftsmanship 

•  Low  electrical  loss 

•  High  cost 

•  Robust  (foam  construction  only) 
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The  cable  often  selected  (at  this  time)  was  corrugated.  The 
most  important  features  of  this  cable  were  the  low  loss  and 
fair  environmental  resistance.  This  was  the  best  (and  most 
economical)  solution  for  the  time.  Probably  the  largest 
drawback  to  this  solution  was  the  labor  intensive  and  highly 
particular  connectors,  which  were  assembled  to  each  end  of 
the  cable.  But  remember,  highly  skilled  technicians  were 
available  to  tinker  with  the  connectors  and  make  them  work. 


III.  TODAY  AND  TOMORROW 

So  what  has  changed  between  yesterday  and  today?  Plenty! 
First,  the  shear  number  cellular  and  PCS  sites  to  be 
constructed.  Consider  the  total  number  of  base  stations  to  be 
deployed  in  the  US  (all  technologies). 


Table  1.  Base  Station  Deployment  -  US 


Year 

Deployment 

2000 

17,500 

2001 

17,900 

2002 

22,400 

Source:  Allied  Business  Intelligence 


Even  if  the  same  number  of  skilled  technicians  and 
construction  personnel  existed,  they  are  spread-out  over  a 
greater  number  of  sites.  Further,  (with)  the  economy  at  near 
full  employment,  the  overall  skill  level  available  has 
generally  declined.  Coupled  with  this  is  the  trend  to 
outsource  this  type  of  labor.  Cost  and  liability  to  the  system 
providers  have  been  the  main  drivers  of  this.  This 
relationship  has  made  it  much  more  difficult  for  system 
providers  to  enforce  quality  standards  on  their  systems. 

Second,  site  acquisition  is  a  much  more  difficult  process. 
City  planning  and  zoning  boards  have  made  it  much  more 
difficult  to  gain  the  needed  approval  to  build  sites.  This 
approval  process  (of  course),  is  being  done  after  system 
providers  have  paid  great  sums  of  money  for  the  licenses. 
Their  financial  backers  need  to  be  paid,  so  there  is  a  great 
amount  of  stress  to  get  the  towers  built,  so  the  billing  can 
commence.  All  of  this  means  once  the  site  is  approved, 
system  providers  will  go  to  extraordinary  lengths  to  get  the 
site  built,  and  on  the  air.  This  puts  great  emphasis  on 
construction  personnel  to  complete  the  site  and  move  on  to 
the  next.  They  simply  do  not  have  time  to  tinker  with 
connectors  and  cable  to  improve  performance  and 
reliability. 

IV.  THE  IDEAL  TRANSMISSION 
SYSTEM 

Let’s  consider  the  ideal  transmission  system  required  to 
fulfill  the  needs  described  in  the  previous  section. 

(1)  Electrical  Considerations: 

Low  VSWR  -  this  will  improve  system  sensitivity  on  the 
receive  side  (Rx). 


Low  Insertion  Loss  -  Allows  more  power  to  reach  the 
antennas,  or  allows  for  higher  antennas  to  help  increase 
coverage 

RF  Shielding  -  Protect  from  EMI  &  RFI 

Low  Passive  Intermodulation  Generation,-  reduce  bit-error 
rates  in  digital,  and  noise  in  analog  systems. 

Electrical  stability  -  consistent  electrical  performance  when 
bent. 

(2)  Mechanical  Considerations: 

Robust  design  -  withstand  rough  handling  on  construction 
sites. 

Flexibility  -  ease  cable  handling  for  contractors. 

(3)  Environmental  Considerations: 

Outer  Shield  -  Continuous  (360°),  solid  shield. 

Water  Leak  Paths  -  completely  sealed  through  the  cable. 

UV  -  resistant,  to  withstand  years  of  exposure  to  sunlight. 

(4)  Connectors: 

Improve  Mechanical  robustness  -  withstand  handling  on 
site. 

Improve  weather  resistance  -  mitigate  water  entry  into  the 
cable. 

Ease  assembly/reliability  -  improve  chances  that  unskilled 
workers  will  assemble  properly. 

V.  AREAS  FOR  IMPROVEMENT: 

Standard  corrugated  cable  (of  the  time)  offered  no 
specification  or  guarantee  for  VSWR.  In  many  cases,  this 
forced  system  providers  to  purchase  band  selected  cable,  at 
a  premium  price.  The  attenuation  (or  insertion  loss)  had  not 
been  improved  in  years. 

While  the  tough  polyethylene  jacket  and  continuous  (360°) 
solid  copper  (corrugated)  shield  provided  an  excellent 
environmental  barrier,  the  connectors  did  not.  Despite  the 
presence  of  o-rings  (supplied  loose  with  the  connector)  and 
secondary  weatherproofing  used  (installed  over  the  cable 
and  connectors),  water  still  often  managed  to  enter  the 
cable.  This  is  undesirable,  because  water  is  an  absorber  of 
RF  energy  (think  microwave  oven!).  Further,  The  layered 
construction  and  hollow  core  of  these  designs  also  allowed 
water  to  “flow”  within  the  cable  assembly  once  it  passed  the 
weatherproofing  and  connector. 

The  reason  the  connectors  did  not  consistently  provide  a 
reliable  environmental  seal  was  due  to  their  complicated 
assembly  process.  Connectors  often  consisted  of  five  to  ten 
loose  piece  parts.  The  assembly  process  was  long  and 
complicated  with  much  cutting,  filing  and  measuring 
required.  The  success  of  a  connector  assembly  depended 
very  heavily  upon  the  craftsmanship  ability  of  the  installer. 
Complicating  this  fact  was  the  ultimate  determination  for  a 
successful  assembly  was  not  known  until  after  it  rained! 
Poorly  or  incorrectly  assembled  (or  missing)  o-rings  did  not 


677  Proceedings  of  the  49th 


international  Wire  &  Cable  Symposium 


make  themselves  known  often  for  months  after  the 
completed  install. 

VI.  HOW  SMOOTH-WALLED  CABLE 
ADDRESSES  THESE  ISSUES: 

(1)  Electrical  Considerations:  Lowest  standard 

VSWR  cable  available  (1.10  VSWR).  Lowest  insertion  loss 
cable  available  (9-10%  lower  than  previous  corrugated 
product  available  @  1000  MHz).  Shielding  is  effected  by  a 
smooth-walled,  solid  copper  conductor.  Low  passive 
intermodulation  generation  (better  than  —115  dBm). 

(2)  Mechanical  Considerations:  Highest  tensile  and  crush 
strength  available.  Maintains  shape  (cross-section)  and 
position  while  being  installed.  One  drawback  of  this  cable  is 
that  it  is  stiffer  than  similarly  sized  corrugated  cable. 

(3)  Environmental  Considerations:  Solid  copper  outer 
conductor  coupled  with  tough  polyethylene  jacket,  which  is 
UV  resistant,  and  completely  seals  out  water.  Internal  leak 
paths  are  fully  sealed.  Adhesively  bonded  layers,  closed 
microcell  foam  and  a  sealed  tubular  center  conductor 
eliminate  internal  water  migration  paths. 

(4)  Connectors:  TranSplice  connectors 

eliminate  the  interface  (the  weakest  part  of  a  connector). 
Lubricated  and  preinstalled  o-rings  guarantee  proper 
installation.  Engineered  tools,  which  reduce  craftsmanship, 
assist  in  cable  preparation,  no  measuring  needed,  two  piece 
connector. 


VII.  CONCLUSION 

The  aggressive  deployment  schedule  of  base  stations  is 
planned  to  continue  for  the  foreseeable  future.  Uncertainties 
relating  to  the  schedule  of  site  implementations,  coupled 
with  the  need  to  bring  these  sites  on-line  quickly,  will 
probably  not  improve  anytime  soon.  This  means 
construction  personnel  will  continue  to  be  pressured  to 
complete  sites  quickly  and  correctly.  Having  innovative 
products  and  tools,  which  allow  them  to  fulfill  this 
requirement,  is  paramount. 


Recent  advances  in  coaxial  cable  designs,  which  utilize 
smooth-walled  copper  outer  conductors,  adhesively  bonded 
layers,  sealed  water  paths  (closed  microcell  foam,  etc), 
along  with  simplified  connector  designs,  allow  construction 
personnel  to  meet  this  objective. 

Market  response  to  this  innovative  technology  has  been  very 
strong.  Installers  have  praised  the  ease  of  connectorization, 
reduced  installation  times  and  the  durability  of  the  product. 
Electrical  sweep  results  almost  always  exceed  requirements 
-  sometimes  by  so  much  the  functionality  of  the  test 
equipment  is  challenged.  The  service  providers  benefit  from 
improved  system  performance  (quicker  installations 
resulting  in  faster  site  turn-on,  better  coverage  area,  more 
reliable  system  performance  and  cost  savings  from  the 
ability  to  downsize  cable  requirements).  Even  more 
importantly,  the  waterproof  design  of  the  cable,  connectors 
and  their  interface  has  virtually  eliminated  many 
maintenance  budgets. 
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Abstract 

The  demand  for  both  quality  and  capacity  of  wireless 
digital  telephone  systems  is  rapidly  increasing.  The  target  is 
to  improve  mechanical  and  electrical  parameters  of  cables 
used  in  this  systems.  By  using  new  production  methods  to 
increase  the  performance  of  RF  cable  manufacturing  plants 
this  higher  levels  can  be  achieved. 

The  properties  of  coaxial  cables  are  mostly  defined  by  three 
production  steps:  The  corrugation  copper  tubing  process  of 
the  inner  conductor,  the  physical  foaming  process  to  apply 
the  dielectric  to  the  inner  conductor  and  the  corrugation 
process  of  the  outer  conductor.  The  sheathing  process  is 
less  important  for  the  quality  and  productivity  of  RF  cable 
manufacturing.  The  production  of  thick  wall,  high  foamed 
RF  cables  creates  specific  demands  on  the  material 
properties  and  insulation  lines. 

Keywords 

RF  and  microwave  cable  manufacturing  equipment;  gas 
injection  system;  bubble  growth;  nucleating  agent;  cell 
structure;  SRL;  Attenuation;  Velocity  of  prorogation;  aging; 
cell  structure;  cell  growth  control;  Water  penetration; 
Diffusion;  Solubility;  physical  foaming;  viscosity;  nitrogen; 
partial  pressure;  density;  bonding; 

Introduction 

RF  cable  manufacturing  lines  are  known  in  the  industry  over 
several  years.  The  increased  demand  of  RF  and  microwave 
cables  pushes  the  producer  to  increase  the  output  as  well  as  to 
improve  the  mechanical  and  electrical  properties  of  the  cables 
to  support  the  end  users’  demands  of  the  performance  of  the 
system. 

This  paper  describes  the  background  (processing  of 
physical  foamed  insulation  )  for  RF  and  microwave  lines 
for  V2  to  2  Va  cables.  The  study  shows  the  impact  of 

-  properties  of  the  materials 

-  processing  of  the  materials 

-  parameters  and  design  criteria  for  the  processing 
equipment, 


to  built  a  basis  for  improvements  of  electrical  and 
mechanical  properties  of  RF  cables  as  well  as  productivity 
combined  with  reduction  of  material  costs. 

Production  Targets 

Improve  Product  Quality 

>  { 1 }  get  Impedance  to  narrow  tolerance 

>  {2}  increase  velocity  of  propagation 

>  {3}  reduce  attenuation 

>  {4}  increase  SRL  levels 

>  {5}  increase  electrical  resistance  of  insulation 

>  {6}  increase  the  maximum  operating  voltage  of  the 
cable 

>  {7}  reduce  frequency  shift  properties 

>  {8}  reduce  temperature  shift  of  electrical  properties 

>  {9}  avoid  water  penetration 

>  {10}  take  care  to  get  flexible  product  style 

>  {11}  improve  tension  resistance 

>  {12}  reduce  weight  of  the  cable 

>  {13}  increase  crush  resistance 

>  {14}  increase  ageing  time  of  cable 

>  {15}  improve  optical  outfit 

>  {16}  small  regular  cell  structure 

^  {17}  closed  cell  surface  and  smooth  surface 

Increase  Productivity 

>  {18}  increase  production  speeds 

>  {19}  keep  the  line  continues  running 

>  {20}  reduce  start  up  scrap 

>  {21 }  get  the  process  to  an  easy  reproducible  status 

>  {22}  reduce  material  costs 

>  {23}  change  the  cable  design 

>  {24}  reduce  volume  of  copper 

>  {25}  reduce  the  amount  of  dielectric  materials 

^  {26}  choose  cheaper  dielectric 

Reduce  Labour  cost’s 

>  {27}  target  low  manufacturing  energy  consumption 

>  {28}  optimise  handling  to  run  with  low  man  hours 

Keep  Connector  Assembly  Easy 

>  {29}  small  mechanical  tolerances 

^  {30}  prepare  tools  for  semi-automatic  assembly 
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Reduce  Flammability  of  Cable 

Most  of  these  targets  are  related  to  the  cable  design, 
organizational  improvements  combined  with  well  done  line 
configurations,  materials  characteristics  and  process 
parameters  of  the  manufacturing  process. 

Process  Determining  Properties  with 
Impact  on  Production  Targets 

There  is  a  limited  area  to  achieve  the  wished  targets  by 
changing  the  process  setup.  The  main  action  is  to  increase 
the  foam  rate  {2,  3,  5,  6,  7,  8,  10,  12,  22,  23,  24,  25}  while 
using  materials  with  low  loss  factor  and  low  amount  of 
nucleating  agents  {  3,  5,  6,  7,  8,  22,  26}.  The  processing 
behavior  of  materials  combined  with  the  known  processing 
equipment  results  in  narrow  operating  windows. 

The  extrusion  system  provides  the  following  process  defining 
tasks  for  this  purpose; 

>  pulsation  free  draw  in  of  the  premixed  compounds 

>  increase  of  pressure 

>  melting  and  homogenizing  of  the  polymer 

>  providing  a  well  done  melt  homogeneity  before  gas  injection 
of  the  physical  foaming  additive 

>  homogeneous  mix  of  gas  under  influence  of  pressure  and 
temperature  to  achieve  100%  solvability  of  the  gas  in  the 
melt  flow 

>  continues  feeding  cooling  and  homogenizing  of  the  mixture 
of  polymer  with  solved  gas 

>  transport  of  the  melt  with  higher  pressure  then  the  pressure 
of  foaming  agent 

{1,  2,  3,  4,  9,  15,  16,  17,  18,  20,  21,  27,  29} 

Influence  of  Melt  Viscosity 

Good  foaming  behaviour  of  the  polymer  is  guaranteed  if  the 
melt  viscosity  drops  slow  and  continues  while  the 
temperature  increases  during  the  softening. 

Figure  1  points  out  that  thermoplastic  with  a  high  amount  of 
crystalline  parts  (like  HDPE  types)  have  worse  processing 
behaviour  compared  to  amorphe  or  partly  crystalline 
Polymers  with  low  crystalline  parts  (like  LDPE  types). 

Solvability  of  Gas  in  Polymer 

The  solvability  of  gas  in  the  polymer  melt  flow  is  an 
important  limit  when  increasing  the  foam  rate.  For  stable 
processing  conditions  100%  of  the  injected  gas  needs  to  be 
solved.  Improvements  may  be  achieved  by  the  increase  of 
the  processing  parameters,  temperature  and  pressure.  It  is  of 
great  importance  to  use  optimal  geometry  for  the  gas 


injection  system  and  the  screw.  This  avoids  process 
variations  grounded  by  the  growth  of  gas  bubbles  before 
solving  the  gas  in  the  melt.  The  gas  needs  to  be  solved 
immediately  after  injection  and  not  along  the  mixing  part  of 
the  screw.  {1,  4,  9,  15,  16,  17,  18,  20,  21,  29} 


temperature 

Figure  1:  Processing  windows  of  HDPE  and  LDPE 


Amount  of  Nucleating  Agent 

The  cell  size  is  highly  impacted  by  the  amount  of  the 
nucleating  agent. 


Figure  3:  Influence  of  cell  size  by  amount  of  nucleating 
agent 
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Figure  4:  Cell  structure  with  2770  ppm  of  nucleating 
agent  when  foaming  in  free  air  pressure 


Figure  5:  Cell  structure  with  5400  ppm  of  nucleating 
agent  when  foaming  in  free  air  pressure 

The  targets  to  reduce  to  loss  factor  and  to  reduce  cell  size 
by  increasing  the  amount  of  nucleating  agent  built  a  conflict 
by  itself.  An  additional  aspect  is  the  fact,  that  foamed 
insulation  ages  faster  due  to  the  degradation  products  from 
the  nucleating  agent.  They  consume  and  deactivate 
antioxidants  during  processing.  Further  more  there  is  an 
impact  by  the  energy  given  during  decomposition  process 
when  using  exothermic  additives.  For  example  40  kcal/mol 
are  released  when  using  Azodicarbonamide  which 
influences  the  melt  temperature  followed  by  the  change  of 
viscosity.  Additionally  a  chance  of  viscosity  happens  by 
solving  gas  which  is  generated  in  the  decomposing  process 
and  by  gas  injection. 


Control  of  Cell  Growth 

Once  the  gas  is  solved  in  the  melt  it  is  important  to  achieve 
best  homogenizing  before  the  extrusion  head  will  distribute 
the  melt  mechanical  symmetric  around  the  conductor.  There 
are  additional  design  targets  compared  to  a  classical 
extrusion  head  for  RF  cables. 

To  avoid  differences  of  melt  temperature  with  an  impact  on 
viscosity  and  cell  growth  one  needs  to  achieve  shear 
symmetry  of  the  distributor. 


0,01  0,1  1  10  100  1000 
angular  acceleration  [s  ] 


Figure  6:  Dynamic  viscosity  of  gasified  melt  in 
relationship  to  angular  acceleration. 

The  foam  will  collapse  without  control  of  the  cell  growth  at 
a  higher  foam  rate.  The  cell  size  needs  to  be  controlled  in 
time  domain  as  well  as  over  the  cross  section.  The  increase 
of  skin  thickness  avoids  the  collapse  at  the  border  of  the 
conductor  and  the  cooling  water,  but  the  internal  cell 
structure  in  the  cross  section  is  still  not  homogeneous.  This 
will  result  in  higher  shrinkage  behavior  of  the  product  in  the 
cooling  trough  and  will  also  effect  the  mechanical 
properties  like  roundness,  centricity  and  cell  size.  Water 
penetration  may  occur. 

Therefor,  it  is  a  must  to  limit  the  cell  size.  The  foaming 
process  after  the  extrusion  unit  is  influenced  by: 

>  the  operating  parameters  pressure  and  temperature 

>  in  the  extrusion  head, 

>  in  the  tools, 

>  while  leafing  the  process  unit 

>  and  in  the  cooling  trough 

>  the  viscosity  and  elasticity  of  the  melt 

>  the  gas-permeability  of  the  polymer  as  well  as  the 
steam  pressure. 

The  main  starting  conditions  for  homogeneous  cell  growth 
are: 

>  the  gas  needs  to  be  totally  solved  in  the  visco-elastic 
melt  (it  is  not  essential  how  this  gas  came  into  the  melt, 
whether  chemical  reaction  or  physical  injection) 

^  the  nucleating  agent  needs  to  be  homogenized  in  the 
polymer  melt 

>  the  melt  is  thermal  and  visceral  homogeneous  along  the 
bubble  growing  and  freezing  process. 
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By  using  classic  extrusion  head  and  tool  design  a  over 
saturation  of  the  gas  in  the  melt  occurs  at  the  time  of 
pressure  drop  when  the  melt  leaves  the  die.  As  a  result  the 
separation  process  of  gas  and  melt  starts.  The  gas  bubbles 
start  to  grow  at  the  inhomogeneous  points  of  the  nucleating 
agent  and  its  degradation  products.  The  number  of  bubbles 
increases  as  long  as  an  oversaturation  of  gas  exists. 

Gas  starts  to  move  from  small  bubbles  into  big  bubbles 
parallel  to  the  growth  of  new  bubbles.  This  process  may  be 
evaluated  by  following  the  energy  status  of  the  gas  bubbles 
according  to  the  law  of  Schleith  [11]. 

<J*dO=p*  dV  (1) 

G ...Surfacetension  0..bubblesurface 


at  the  bubble  surface 


2*cr 

Pi= - 

r 

pt . . . partialpressure  r. .  .bubbleradius 


(2) 


As  a  result  the  pressure  in  small  bubbles  is  higher  than  in 
big  bubbles  when  foaming  in  free  air  pressure  and  at 
constant  surface  tension.  The  gas  will  diffuse  from  smaller 
bubbles  to  bigger  bubbles.  The  law  of  Stokesschen  shows 
the  speed  of  diffusion. 


g*  D2 

18  *77 


Ap 


(3) 


w...speedof diffusion  g... gravity 

D. . . diameterofbubbles  7] . .  .■ dyn.vis  cos  ity 

p...  density 


Therefor  the  size  of  bubbles  is  essentially  influenced  by  the 
diffusion  process. 


New  Control  System  for  Cell  Growth 

To  surmount  the  need  to  use  a  relatively  high  amount  of 
nucleating  agent  and  to  reduce  the  impact  of  gas  diffusion 
between  bubbles  a  new  extrusion  head  and  tool  design  was 
developed.  This  allows  to 

get  control  on 

>  temperature 

>  pressure 

during  bubble  growth. 

With  the  newly  developed  units  it  is  possible  to  set  the 
temperature  and  to  influence  the  pressure  during  foaming. 


With  this  parameters  the  partial  pressure  and  the  viscosity 
(related  to  temperature)  may  be  adjusted.  This  allows  to: 

>  reduce  the  amount  of  nucleating  agents  (3,  5,  6,  7,  8, 

14} 

>  give  controlled  influence  on  the  number  of  growing 
bubbles  {1,  2,  3,  4,  5,  6,  7,  8,  9,  10,  12,  14,  15,  16,  17, 

18,  20,21,22,  23,24,  25,26} 

>  give  controlled  influence  on  the  size  of  growing 
bubbles  {1,  2,  3,  4,  5,  6,  7,  8,  9,  10,-12,  14,  15,  16,  17, 
18,20,21,22,  23,24,  25,26} 

>  allow  to  run  the  process  without  inner  and  outer  skin 

^  allow  to  increase  the  foam  rate  before  collapse  of 
insulation  {1,  2,  3,  4,  5,  6,  7,  8,  9,  10,  12,  14,  15,  16, 

17,  18,  20,21,22,  23,24,  25,26} 

In  practice  the  inner  and  outer  skin  is  still  used  to  guarantee 
the  bonding  properties  of  the  insulation.  {1,  4,  9,  13,  14,  15, 

17,  18,  20}  The  thickness  may  be  reduced  to  a  minimum 
thickness  at  about  50ym  for  this  issue.  This  gives  a  positive 
impact  to  attenuation  due  to  the  reduced  amount  of  solid 
material  in  the  insulation.  Additionally  the  relative  high 
amount  of  polar  additives  which  are  normally  used  in  the 
skin  material  to  guarantee  bonding  to  the  copper  is  reduced 
due  to  the  smaller  skin  thickness. 

The  main  parameters  for  the  theoretical  evaluation  of  the 
mentioned  process  of  controlled  and  reproducible  foam 
quality  are  the  solve  pressure  of  the  gas  and  the  viscosity  of 
the  melt.  It  is  really  difficult  to  estimate  this  parameters 
along  the  foaming  and  cell  growth  process.  Therefor  a 
feedback  for  each  product  type  is  needed  from  practical  test 
runs.  The  relation  of  the  process  behaviour  may  be 
deducted  from  the  law  of  Henry: 

P,*S=c  (4) 

pt . .  .Solvepressure-  partialpressure  =  Pr  essureadjusted 

S..  Solvability 

c . .  .Gasconcentration  int  hemelt 

This  known  relationship  helps  to  tune  the  parameters  in  the 
correct  direction. 


Conclusions 

A  new  way  to  control  the  process  parameters  during 
bubbles  growth  was  found.  This  allows  to  improve  the 
properties  of  physical  foamed  RP  and  microwave  cables. 

It  is  possible  to  run  the  process  in  a  smaller  operating 
window  with  improvements  by  using  digital  closed  loop 
systems  for  all  the  process  related  parameters. 

This  system  is  a  support  to  get  award  of  product  quality 
produced  with  traditional  materials  and  equipment. 
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The  targets  are  a  reduction  of  attenuation,  a  new  quality 
standard  of  the  SRL  level  and  the  reduction  of  the  needed 
material  amount. 

The  system  is  proven  in  a  laboratory  development 
surrounding  and  will  be  tested  under  mass  production 
conditions  soon. 
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